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PREFACE 
This pro jec t  was motivated by the  program "Space Processing Applications", 
t he  e f f o r t  which was, and s t i l l  is, being a c t i v e l y  performed i n  t h e  George 
C. Marshall Space F l igh t  Center, National Aeronautics and Space Administration. 
There is no doubt t h a t  t h e  core  pro jec t s  of "Space Processing Applications" 
should be concerned with metals and serii-conductors because of t h e i r  indus- 
t r i a l  importance. This cont rac tor  bel ieves ,  however, t h a t  s t ud i e s  on 
so lu t ion  c r y s t a l  growth such a s  t h a t  given i n  t h i s  repor t  is  a l s o  important, 
espec ia l ly  f o r  understanding the  fundamental mechanisms of mater ia l  proces- 
s ing  i n  space. 
This repor t  presents  t he  r e s u l t s  of a l l  work performed f o r  NASA 
cont rac t  number NAS 8-28098 "Invest igat ion of Crys ta l  Growth from Solutions". 
The primary accomplishments made during t h i s  p ro jec t  a r e  a s  follows: proof 
of the  degrading e f f e c t  of convection cur ren ts ,  demonstration of t h e  e f f e c t  
of a zero-gravity environment on so lu t ion  c r y s t a l  growth by an experiment 
on Skylab-4, i d e n t i f i c a t i o n  of growth r a t e  a s  t he  most important f a c t o r  f o r  
dopant concentration, and s tqges t ion  and demonstration of a new so lu t ion  
growth technique under vacuum. Other accomplishments include: an improved 
convection-current observation technique using a Hellium-Neon l a s e r  and 
formulation of a theory of t h e  e f f e c t  of c a v i t i e s  on a f e r r o e l e c t r i c  
hys t e r e s i s  curve. 
In  addi t ion  t o  t he  cont rac t  repor t s  t h e  following papers have been 
published a s  a r e s u l t  of work performed during t h i s  contract  period. 
1. Tom Hunter "Procedure fo r  Dri l l ing Small Holcs i n  Fragile 
Crystals", Review of Sc ien t i f i c  Instruments, i n  press. 
2. Y. Kotake and I. Miyagawa, "Negative ENDOR Study of Triglycine 
Sulphate and its Ferroelectr ic  Transitions", Journal of Chemical 
Physics, i n  press. 
In  addition, two papers dealing with the  degradation e f fec t  of 
convection and the  ef fec t  of growth r a t e  on dopant concentration a r e  being 
prepared. 
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Thls rep;>rt  deecr ibes  t h e  rcrmults of t h r ee  years  and nine months work 
on otudies  of c r y s t a l  growth frm so lu t loa .  Growth of organic compounds 
from eolut ion,  in pa r t i cu l a r  Rochelle s a l t  and t r i g l y c i n e  eclphata,  was 
invest igated.  Ground-based experiments showed t h e  strong, inf luence that 
gravity-driven convection cur ren ts  i n  t h e  growth so lu t ion  has oil defect  
production in c rys t a l s .  Fe r roe l ec t r i c  qua l i t y  is  a l s o  degraded bp defec ts  
which r e s u l t  from convection currents.  The r e r u l t s  of these  experlmentm 
indicated t h a t  an experiment done i n  a zero-gravity environment where con- 
vect ion i s  p r a c t i c a l l y  absent w u l d  be usefu l  i n  understanding t h e  baaic  
mechanisms of c r y s t a l  growth and defec t  production. For t h i s  reason, a 
c r y s t a l  of Rochelle s a l t  was grown on board Skylab-4. The qual icy of t h i s  
c r y s t a l  was canpared t o  earth-grown c r y s t a l s  and some of i t s  unusual fea- 
t u r e s  were studied. The r e s u l t s  of t he  Skylab experiment 6howed t h a t  ( i )  a 
t yp i ca l  defect  produced i n  t h i s  convection-free environment was a long 
s t r a i g h t  tube extending i n  t he  d i r ec t i on  of t h e  c c rys ta l  ax is ;  these  tubes 
were much longer and more regular ly  arranged than in s imi l a r  earth-grown 
c r y s t a l s  (11) t h e  c rya tu l  was ac tua l ly  severa l  c r y s t a l s  whose corresponding 
axes were p a r a l l e l  t o  each other .  Fe r roe l ec t r i c  hys te res i s  experiments 
showed t h a t  6crme p u t s  of the  c r y s t a l  had many defec ts ,  while other  p a r t s  
were of extremely good qua l i t y .  
Suppor the  studfem on techniques of charac te r iza t ion  were performed; 
f o r  example, a theory which descr ibes  t he  e f f e c t  of defect8 qn t h e  shape of 
t h e  bye te res i s  curve wao formulated. In addi t ion,  ground-based s tud i e s  0-1 
the  rtf~ct eI cmvectioa oa growth rate, uctoacapic md rlrroncopic qunlity, 
4 dopatit concaattUSoa auulred in several arw growth m d  ctrilract+rlze- 
t l o n  technlqms. 
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Summary and Conclusions 
Crystal  growth of organic compounds from solut ion,  i n  pa r t i cu l a r  
Rochelle s a l t  and t r i g lyc ine  sulphate  (TGS), was investigated. The inves- 
t i ga t ion  included growth study, observation of v i s i b l e  and microscopic 
defects ,  study of convection cur ren ts  responsible  f o r  defect  production, 
study of copper and L.-alanine doping, measurement of f e r r o e l e c t r i c  hys t e re s i s  
and domains, and character izat ion of c r y s t a l  qua l i t y  i n  general. A c r y s t a l  
of Rochelle s a l t  was grown on board Skylab-4 i n  a near-zero gravi ty  experi- 
ment and some of its unusual fea tures  were studied. 
By growth s tud ie s  and observation of convection cur ren ts  it was proven 
t h a t  convection cur ren ts  produce defec ts ,  both v i s i b l e  and microscopic, 
which a r e  usual ly c a v i t i e s  and inclusions of solut ion.  I n  addi t ion it was 
concluded t h a t  s e n s i t i v i t y  t o  convection depends on the  c r y s t a l  ax i s  along 
which growth occurs. I n  t he  case of Rochelle s a l t ,  the  c-axis was found t o  
be the  most sens i t ive .  
The convection responsible f o r  v i s i b l e  and microscopic defec ts  is 
e s sen t i a l l y  a gravity-driven, concentration induced one. More accurately,  
convection was shown t o  a r r s e  from motion of so lu t ion  layers  adjacent t o  
t h e  growing c r y s t a l  surface. Evidence was a l s o  found t o  ind ica te  the  
presence of weah, i nv i s ib l e  convection currents .  
It was shown, by studying f e r r o e l e c t r i c  hys t e re s i s  curves and domains 
i n  severa l  d i f f e r en t  p a r t s  of a c rys t a l ,  t h a t  convection currents  degrade 
f e r r o e l e c t r i c  qual i ty .  It was a l s o  shown t h a t  d i f f e r en t  pa r t s  of a c r y s t a l  
can be grea t ly  d i f f e r en t  i n  f e r r o e l e c t r i c  qua l i ty ,  eve11 though these p a r t s  
show no v i s i b l e  defects.  
9 
A microscopic study was performed i n  order t o  gain ins ight  i n t o  the  
na ture  of the  degradation e f f e c t  of convection. It was found t h a t  i n  
general c rys t a l s  have many microscopic defects ,  even i f  they appear per fec t  
t o  t h e  unaided eye. It was a l s o  found tha t  these  microscopic defec ts  can 
usual ly be c l a s s i f i e d  i n t o  two groups; r e l a t i v e l y  la rge ,  empty c a v i t i e s ,  
and r e l a t ive ly  small c a v i t i e s  containing solut ion.  Dissolved a i r  i n  the  
growth so lu t ion  was shown t o  be one of the  reasons f o r  t he  formation of 
both types of cavi t ies .  I n  addi t ion,  it was found t h a t  convection increases  
t h e  r e l a t i v e  number of solution-containing cav i t i e s  compared t o  empty 
cav i t i e s  i n  a c rys ta l .  
A c r y s t a l  of Rochelle s a l t  was grown from so lu t ion  on Skylab-4 i n  a 
near-zero gravi ty  environment. This c r y s t a l  offered the  f i r s t  opportunity 
t o  experimentally examine the  e f f e c t  t h a t  t he  absence of g rav i ty  would have 
on so lu t ion  c r y s t a l  grc-ah. TWO important r e ~ u l t s  of the  experiment on 
Skylab were: ( i )  a t yp ica l  defect  i n  t h i s  c r y s t a l  was a long s t r a i g h t  tube 
extending i n  t h e  d i r ec t ion  of t he  c-axis; these tubes were f a r  more regu- 
l a r l y  arranged than i n  earth-grown c rys t a l s ;  ( i i )  t h e  c r y s t a l  was ac tua l ly  
a composite consis t ing of severa l  s i n g l e  c rys t a l s  whose corresponding axes 
were p a r a l l e l  t o  each other ,  t h i s  arrangement is most unusual i n  earth-grown 
composite c rys ta l s .  
A n  invest igat ion was performed t o  i den t i fy  the  f ac to r s  which determine 
the  dopant concentration i n  a c rys t a l .  One such f ac to r  was found t o  be the  
growth rate .  The concentration of t he  doping copper ion i n  Rochelle s a l t  
increased with increasing growth r a t e ,  while no appreciable doping occurred 
i n  the  case of extremely slow growth, 
A bas ica l ly  new technique of c r y s t a l  growth from so lu t ion  was suggested 
by some of the  r e s u l t s  discussed above. We found t h a t  i t  i s  possible  t o  
achieve cons is ten t ly  high doping concentrations by growing c r y s t a l s  from a 
so lu t ion  i n  a l owpres su re  o r  vacuum environment and increasing t h e  growth 
rate t o  such an extent  t h a t  many c a v i t i e s  would be produced i f  t he  c r y s t a l  
were grown under atmospheric pressure.  This technique resu l ted  i n  c r y s t a l s  
of TGS with cons is ten t ly  high L-alanine doping concentrations.  
The observation of convection cur ren ts  during so lu t ion  c r y s t a l  growth 
has been grea t ly  improved by a new method of i l lumination. A Helium-Neon 
l a s e r  beam was used as a source with a Schl ieren type observation technique. 
A theory f o r  t he  shape of t he  f e r r o e l e c t r i c  hys t e re s i s  curve was 
formulated. It was found t h a t  t h c  shape of a hys t e re s i s  curve is  sensi- 
t i v e  t o  the  concentration of c a v i t i e s  in the  c rys t a l .  
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Bi-monthly r e p o r t s  were prepared and d i s t r i bu t ed  by t h e  P r inc ip l e  
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October 6, 1972 
December 7, 1972 
Apr i l  4, 1973 
June 6, 1973 
August 6, 1973 
October 9, 1973 
December 7, 1973 
Apr i l  9, 1974 
June 6, 1974 
August 7, 1974 
October 7, 1974 
December 5, 1974 
Apr i l  1, 1975 
June 4, 1975 
In addi t ion,  year ly  Technical Sumary Reports were prepared and 
dis t . r ibuted on t h e  following occasions. 
I. February, 1973 
2. May, 1974 
11. PL bl ica t ions :  Jcurna ls  and Others 
This wcrk has l ed  t o  t h e  publishing of t h e  following papers during the  
cont rac t  ,,cried. 
(1) Procedure f o r  D r i l l i n g  Small Holes i n  F rag i l e  Crystals1', by Tom 
Hunter - The Review of S c i e n t i f i c  Instruments,  i n  press .  
(2) "Negative ENDOR Study of an I r rad ia ted  Single Crystal  of Triglycine 
Sulphate and i ts Fe r roe l ec t r i c  Phase Transition" by Y. Kotake and 
I. Miyagawa - Journal of Chemical Physics, i n  press.  
111. To Be Published 
Work during t h i s  contract  period has resu l ted  i n  t he  following papers 
which w i l l  be published i n  t he  near fu ture .  
(1) "Copper Doping i n  Single  Crystals  of Rochelle Salt",  by E. F. H e l m s  
and I. Miyagawa. 
(2) "Effect of Convection i n  Rochelle Salt", by I. Miyagawa. 
Section 1. Introduction 
1.1 Aim of Study 
This project was funded to study crystal growth from solutions as one 
of the programs in "Space Processing Applications". Thus, our work had 
several important goals: first, to investigate whether or not convection 
currents in growth solutions degrade the quality of the resulting crystal; 
second, if the degrading effect of convection were f innly established, to 
perform a crystal growth experiment in zero-gravity surroundings and to 
analyze the results; and third, to apply the results obtained during the 
course of these investigations to materials of practical importance. 
We believe this project has accomplished most of these goals: It was 
proven that strong convection produces defects in crystals grown from solu- 
tion; a Rochelle salt crystal was grown in the zero-gravity environment of 
Skylab-4; the crystal was analyzed and compared to similar earth-grown crys- 
tals; and the information gathered during these investigations has been 
applied to one material, triglycine sulphate, which may be improved by growth 
in a zero-gravity environment, 
1.2 Scope of Work 
A. Work Statement - The work statement stipulated for this contract 
is as follows: The contractor shall study growth characteristics and resul- 
ting crystal quality of various crystals with the purpose of defining flight 
experiments utilizing extended freefall conditions. Candidate materials 
will be selected on the basis of scientific and industrial significance and 
may represent a new material or a significantly improved product. The study 
should be potential or employ the advantages of freefall conditions. 
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Emphasis w i l l  be placed on growth from so lu t ion ,  Studies  w i l l  be 
performed t o  a sce r t a in  t h e  e f f e c t  of a space environment on growth phenomena 
and r e su l t i ng  qua l i ty .  Ef fec t s  of c r y s t a l  weight and thermal convection 
w i l l  be s tudied under cont ro l led  condi t ions and r e l a t ed  t o  c r y s t a l  qua l i t y  
f o r  d i f f e r e n t  ~ r o w t h  cong~itions,  i.e., r a t e  of cooling, mixing, temperature 
of sa tura t ion ,  e tc .  
Candidate mater ia l s  w i l l  be se lec ted  on t h e  bas i s  of t h e i r  p o t e n t i a l  
technological impact. Dopant d i s t r i bu t ion ,  c r y s t a l  qua l i ty ,  and c r y s t a l  
s i z e  a r e  f a c t o r s  which e f f e c t  t h e  u t i l i t y  of many mater ia ls .  For example, 
doping homogeneity is an inportant  f a c t o r  i n  e l ec t ron i c  t r anspo r t  proper- 
ties, and c r y s t a l  s i z e  and qua l i t y  i s  important i n  t h e  u t i l i t y  of mmy 
f e r r o e l e c t r i c ,  p iezoe lec t r ic ,  and e l ec t roop t i c  c rys t a l s .  
Character izat ion of the  c r y s t a l s  w i l l  include determination of o p t i c a l  
p roper t ies ,  sp in  resonance data ,  and e l ec t ron i c  proper t ies .  Other techniques 
w i l l  be used where appropriate  t o  t h e  p a r t i c u l a r  mater ia l  (i. e., electroop- 
t ic ,  electromagnetic, and e t c )  . 
Expected Results.  The contractor  s h a l l  def ine  c r y s t a l s  wi th  growth 
techniques amiable f o r  f l i g h t  operation. The contractor  w i l l  pursue a labo- 
ra tory  growth program on candidates se lec ted  a s  having a high p o t e n t i a l  f o r  
inclusion i n  t he  MS/MS including d e f i n i t i o n  of optimum growth techniques, 
and de f in i t i on  of p r ac t i ca l  charac te r iza t ion  techniques t h a t  can be used t o  
e luc ida te  t he  r o l e  of space environment. Data from the r e s u l t s  of ground- 
based s tud i e s  on growth parameters versus  c r y s t a l  per fec t ion  w i l l  be applied. 
The contractor  s h a l l  apply t he  charac te r iza t ion  and growth techniques 
dweloped i n  t he  course of t h i s  p ro jec t  t o  mater ia l s  of p r a c t i c a l  i n t e r e s t .  
Suggestions f o r  fu tu re  space processing experiments a r e  important. 
f 
B. Summary of Procedure - I n  order t o  examine the  e f f e c t  of convection $ b ' 
! 
on c r y s t a l  qua l i ty ,  many organic c r y s t a l s  of L-alanine, glycine, acetylgly- 
c ine,  Rochelle s a l t ,  and t r i g l y c i n e  sulphate  were grown from pure so lu t ions  
and those containing doping ions. It became evident a f t e r  these  pre1imi:lary 
experiments t h a t  e f f o r t  should be concentrated on one mater ia l ,  i n  order  t o  
e s t a b l i s h  the  degrading e f f e c t  of convection. Studies with many mater ia l s  
i n  a shor t  time appeared t o  r e s u l t  anly i n  possible  suggestions,  but not i n  
a f i rm conclusion. Rochelle s a l t  was se lec ted  because of its f e r r o e l e c t r i c i t y ,  
t he  property which is  po ten t i a l l y  i n t e re s t ing  but has not been f u l l y  exploi ted 
indus t r i a l l y .  Triglycine sulphate,  another f e r r o e l e c t r i c  mater ia l ,  was also 
studied r a the r  intensively.  
Many growth s tud ie s  and observations of convection cur ren ts  were a l s o  
made. The r e s u l t s  of these experiments proved t h a t  gravity-driven convec- 
t i o n  cur ren ts  i n  t he  growth so lu t ion  produce defec ts  i n  t he  r e su l t i ng  c rys t a l .  
On t he  bas i s  of t he  above conclusion, t he  contractor  recommended t h a t  
solution-growth experiments be performed i n  a zero-gravity environment. 
Thus, a c r y s t a l  of Rochelle s a l t  was grown from so lu t ion  on Skylab-4. This 
c r y s t a l  offered the  f i r s t  opportunity t o  experimentally examine the  s igni -  
f icance of a zero-gravity environment i n  the case of so lu t ion  c r y s t a l  growth. 
The unusual cha rac t e r i s t i c s  of cavity-type defec ts  i n  the c rys ta l  indicated 
that the growth process i n  zero-gravity experiments grea t ly  d i f fe red  from 
t h a t  i n  ground-based labora tor ies ,  
An extensive study was performed on copper ion doping i n  Rochelle s a l t  
c rys t a l s .  The primary purpose of t h i s  study was t o  i den t i fy  the  f ac to r s  uhich 
i 
determine the  dopant concentration i n  a c rys t a l .  One such f ac to r  was found 
t o  be the  growth r a t e .  
On t h e  bas is  of t h e  above conclusion and oome of the  r e s u l t s  obtained r 
. . 
i n  t h i s  project ,  a bas ica l ly  new technique of c r y s t a l  growth from so lu t ion  
, ,  
was suggested and demonstrated. We found t h a t  i t  is possible  t o  achieve 
cons is ten t ly  high doping concentrations by growing c r y s t a l s  from a so lu t ion  
under a low-pressure atmosphere and increasing the  growth r a t e  t o  such an 
extent  t h a t  many cav i t i ee  would t e  produced i f  t h e  c r y s t a l  werc. gxo-i  under 
normal atmospheric pressure. This technique resu l ted  i n  c r y s t a l s  of tri- 
glycine sulphate  (TGS) with cons is ten t ly  high L-alanine doping concentrations.  
L- lanine doped TGS is  believed t o  be a po ten t i a l l y  exce1le:~t in f ra red  
de tec tor  material .  
The obaervation of convection cur ren ts  during so lu t ion  c r y s t a l  growth 
has been g rea t ly  improved by a new method of i l luminat ion employing a 
Helium-Neon laser .  
Final ly ,  a theory f o r  t h e  shape of t he  f e r r o e l e c t r i c  hynteresis  curve 
was formulated. The shape of a hys te res i s  curve was found t o  be sens i t i ve  
t o  t h e  concentration of cavi ty  defec ts  i n  the  c rys t a l .  
Section 2. PRELIMINARY GROWTH STUDIES - CONVECTION 
CURRENTS (FIRST YEAR' S WORK) 
2.1 Experimental Procedures 
A s  is indicated i n  t he  Introduction, Rochelle s a l t  was used i n  most of 
t h e  experiments f o r  t h i s  rect ion.  The dry  chemical was obtained connnerically 
from Eastman Organic Chemicals. 
2.1-1 Growth Experiment Technique 
A. Preparation of seed c r y s t a l s  - Crys ta l s  were grown by s l o v  evapora- 
t i o n  of a sa tura ted  so lu t ion  a t  room temperature without spec i a l  precautions.  
A c r y s t a l  of r e l a t i v e l y  high qua l i t y  was se lec ted  f o r  preparat ion of seed 
c rys t a l s .  The c r y s t a l  was s l i c e d  by a wet thread method. The plane of each 
r e su l t i ng  piece was perpendicular t o  t he  desired c r y s t a l  ax is .  Then each 
piece was ca re fu l ly  ground with sand paper t o  a desired s i z e ,  t y p i c a l l y  
2 x 3 x 4 m. Many seed c rys t a l s ,  i d e n t i f i e d  f o r  t he  a ,  b, and c axes,  
respect ively,  were prepared and s t ~ r e d  f o r  growth experiments. 
S l ic ing  of c r y s t a l s  i n  t h i s  r epo r t  was performed by a Mlcrotech c r y s t a l  
cu t t i ng  machine. 
Crystale  of r e l a t i v e l y  low qua l i t y  were used f o r  preparat lan of t h e  
sa tura ted  so lu t ions  f o r  growth experiments. 
b. Preparation of sa tura ted  so lu t ions  - 10 grams of Rochelle s a l t  and 
7.5 cc of d i s t i l l e d  water were heated i n  a v i a l  t o  about 60°c fo r  about 30 
minutes, When the  Rochelle s a l t  dissolved completely and t h e  so lu t ion  became 
uniform, a small  c r y s t a l  of low qua l i t y  was added t o  t h e  so lu t ion ,  and the  
v i a l  was placed i n  a constant-temperature water bath a t  34OC. I n  t h i s  con- 
d i t i o n ,  a c r y s t a l  i n  general  grows r a the r  rap id ly  fo r  f i r s t  one or  two hours 
F'. @; 
and then c ryn ta l  growth almost ceases eeveral  ho~ l r s  l a t e r .  The so lu t ion  is 
now only s l i g h t l y  eupereaturated and ready f o r  t he  next s t ep  of t he  growth 
experiment . 
Dimension8 of t he  v i e 1  used i n  t h e  present work were 29 arm diameter by 
62 mm. 
C. Growth experiment: preparation - The v i a l  with t he  solut lo-  vas 
then taken from the  bath and the  so lu t ion  was t ransfer red  i n t o  another c lean 
v i a l ,  h a v i n g  t h e  c r y s t a l ,  or  c rys t a l s ,  which had grown i n  the  o r i g i n a l  v i a l .  
Then the  so lu t ion  was heated t o  40-45O~. Next, a  seed c r y s t a l  with the  
desired ax i s  v e r t i c a l  was added t o  the  so lu t ion ,  and f i n a l l y ,  t he  v i a l  was 
returned t o  t h e  water bath. 
The heating t o  40-45'~ is  needed t o  destroy i n v i s i b l e  nuc le i  which 
e x i s t  i n  any supersaturated solut ion.  The seed c r y s t a l  was washed i n  benzene, 
then i n  acetone, and f i n a l l y  i n  a  small  amount of d i s t i l l e d  water. 
D. Preliminary growth experiment - In  t h e  preliminary experiment, the  
c-axis of t he  seed c r y s t a l  was held v e r t i c a l  and, a s  was done i n  a l l  the  
other  experiments, placed a t  t he  bottom of the  solut ion.  The cooling r a t e  
of the water bath, which was control led manually, was kept uniform f o r  some 
periods but changed continuously f o r  some other  periods. Growth of the  
c r y s t a l  was determined by taking photographs every two t o  four hours over a 
period of 73 hours. The r e s u l t  of t h i s  observation is given i n  Fig. 1. It 
was found t h a t  when the  cooling r a t e  was uniform, the growth r a t e  was essen- 
t i a l l y  uniform, both i n  t he  a  and c-axes (aee periods I and 11 i n  Fig. 1 ) .  
E. Proport ional  temperature cont ro l le r  - Based on the  preceding 
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conclusion, a standard type proportional temperature con t ro l l e r  un i t  was 
designed and bu i l t .  The sensor was a  negat ive temperature coef f ic ien t  
Figure 1. Preliminary Growth Study of Rochelle Sal t .  
Growth of a Rochelle s a l t  crystal  with the c-axis held 
vert ica l  under manual operation. The upper curve. show the 
linear growths along the a anc c-axes aga111st time. The 
lower curve shows tanperature of the bath againet t ine .  

chermister, Fenval JA35J1, 5000 ohms. A 1000 ohm, 19-turn potentiometer, 
which is  connected i n  series with t he  sensor,  was dr iven by a clock-motor 
of va r i ab l e  r o t a t i o n  r a t e .  An example of t h e  performance of t h i s  u n i t  is 
given i n  Fig. 2. This r e s u l t  shows a unif o m  cooling r a t e  even i n  t he  case  
of 54*C/day, predict ing a uniform growth rate over a range of s eve ra l  
degrees i n  O C .  The growth experiment he rea f t e r  was done with t h e  use of 
t h i s  un i t .  
2.1-2 Observation of Fe r roe l ec t r i c  Domains 
One f i n  s a good review of f e r r o e l e c t r i c i t y  i n  a book by Joan and 
~ h i r a n e . ~  A br i e f  discussioc id11 be given in  2.4-1, f o r  convenience. A 
Lei tz  Ortnolux microscope with camera was used t o  obaorve and take  photo- 
graphs of f e r r o e l e c t r i c  domains, A slmple c r y s t a l  was placed on a water 
jacket  kept a t  5OC,  since Rochelle s a l t  is f e r r o e l e c t r i c  only f o r  t h e  tem- 
pera ture  range of -18 t o  + 2 4 O C .  
2.1-3. Observation of Fe r roe l ec t r i c  Hysteresis  
The c i r c u i t  shown i n  Fig. 3 was used t o  observe f e r r o e l e c t r i c  hys t e r e s i s  
i n  t he  present work. I n  Fig,  1, C >> C the  capacitance of t h e  capaci tor  
0 s' 
with a sam?le, s o  t h a t  t he  vol tage across  che sample i s  approximately the  
supply voltage. The e l e c t r i c  f i e l d  is proport ional  t o  t h e  applied vol tage,  
thus if a f r a c t i o n  of t h e  surp ly  vol tage is used a s  t h e  hor jzonta l  a x i s  of 
t he  scope, t h i s  a x i s  is p ropor t ima1  t o  the  e l e c t r i c  f i e l d .  The vol tage a t  
A is across  t h e  capaci tor  C on t h e  l e f t  and is proport ional  t o  the  charge 
0 
passirlg through the  c i r c u i t  containing t h e  sample. The vol tage a t  B is 
across  the  capaci tor  C o r  t he  r i g h t  and is proport ional  t o  t h e  charge pas- 
0 
s ing  through t h e  c i r c u i t  containing a var iab le  capaci tor  which has a pure 
d i e l e c t r i c  behavior. The va r i ab l e  c r -ac i to r  is adjusted so a s  t o  produce 
Figure 2. Cooling Curve. 
Bath temperature against time under automatic operation. 
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Figure 3. Circuit Diagram for Observation of Ferroelectric Hysteresis. 
Fig.  3 
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the  same d i e l e c t r i c  cur ren t  in t h e  r i g h t  c i r c u i t  a s  t h e  sample does i n  t he  
l e f t .  I f  t he  v e r t i c a l  a x i s  is taken a s  t h e  vol tage a t  A minus t he  vol tage 
a t  B, then t h e  d i e l e c t r i c  contr ibut ions of t h e  sample is subtracted off  and 
t h e  v e r t i c a l  a x i s  w i l l  contain only t he  f e r r o e l e c t r i c  contr ibut ions.  I f  t h e  
sample conducts, a s u i t a b l e  r e s i s t o r  can be  placed i n  p a r a l l e l  with t h e  
capaci tor  C on t he  l e f t  t o  compensate f o r  t h i s  so  long a s  t h e  required 
0 
p a r a l l e l  r e s i s t o r  R >> 1/2nfCo, where f is the  frequency of t he  vo l tage  
source. A l l  measurements were made a t  60 Hz. The r e su l t i ng  v e r t i c a l  a x i s  
is then proport ional  t o  t h e  po la r iza t ion  charge, P, of t he  sample. I f  a 
l a rge  enough e l e c t r i c  f i e l d  is applied t o  t h e  sample t h e  po l a r i za t i on  is 
sa tura ted  t o  a value P . A s  t h e  vo l tage  is var ied from a l a r g e  negat ive 
S 
value t o  a l a rge  pos i t i ve  value, t h ?  po la r iza t ion  goes from -P t o  +P as 
s S 
shown by the  upper f i gu re  i n  Fig. 11. 
2.2 Vis ib le  Defects Arising From Convection 
2.2-1 Appearance of Defects 
Three c r y s t a l s ,  whose v e r t i c a l  axes were a ,  b, and c-axes, respec t ive ly ,  
were grovn a t  t h e  same t i m e  under t h e  same conditions.  The cooling r a t e  was 
2.2O/day. Examples of t he  photographs taken during t h i s  growth experiment 
a r e  given i n  Fig. 4. The upper f i g u r e  shows many de fec t s  a locg the  c-axis 
which is v e r t i c a l ,  while t he  lower f i g u r e  shows no defec ts  along t h e  c-axis 
which is horizontal .  Thus t h i s  r e s u l t  suggests t ha t  convection produces t he  
de fec t s  (I). I n  addi t ion,  t h e  lower f i g u r e  shows fewer de fec t s  along t h e  
v e r t i c a l ,  a-axis compared t o  those along t h e  v e r t i c a l  c-axis i n  t he  upper 
f igure .  A s imi l a r  r e s u l t  was obtained f o r  t he  c r y s t a l  with t h e  b-axis v e r t i -  
cal .  Thus it is suggested t h a t  growth along t h e  c-axis is most s e n s i t i v e  t o  
convection (11). 
Figure 4.  Photographs of Growing Crystals. 
In the upper figure, the c-axis is ver t i ca l ,  while in  the lower 
figure the a-axis is vert ica l .  

2.2-2 Obsezvst ion of Convection 
The two suggestions,  ( I )  and (11), a r e  supported by observation of 
convection, Figure 5 shows an example of convection i n  the  case of a cool- 
ing r a t e  of 25'Clday. The photograph was taken by i l luminat ing with a l i g h t  
source placed on t h e  r i g h t  s ide.  One sees  convection from t h e  upper sur face  
of t h e  c rys t a l ,  but no evidence is  seen i n  t h e  s i d e  sur faces  or  i n  any other  
region i n  t he  so lu t ion .  Thus i t  is  concluded t h a t  convection is  much 
s t ronger  a t  the  upper sur face  of a growing c r y s t a l  compared t o  t he  s i d e  
surfaces.  This conclusion supports the  suggestion (I), s ince  defec ts  appear 
on t h e  upper sur face  along the  v e r t i c a l  a x i s  of a c rys t a l .  
The white spot  indicated by t h e  arrow i n  Fig. 5 is a f i b e r  from some 
t i s s u e  paper. Motion of t h i s  spot and i t s  s ign i f i cance  w i l l  be discussed 
in 2.3-3. 
2.2-3 Further E ~ i d e x e  of t h e  Ef fec t  of Convection 
The photographs i n  Fig,  6 present d i r e c t  evidence f o r  co r r e l a t i on  
between convection and production of the  defec ts .  The upper photograph 
shows a s t rong convection current  concentrated i n  the narrow top a rea  of 
the  c rys t a l .  I n  addi t ion,  t h i s  photographs shows t h a t  de fec t s  appear i n  t h e  
narrow regicn along the  current .  In  t he  lower photograph, the  defec ts  a r e  
emphasized: the defec ts  appear along a narrow v e r t i c a l  region a t  the  top 
of the  c rys t a l .  The lower photograph was taken 24 hours before the upper 
one. Comparison of the  two photographs shows t h a t  t h e  narrow defec ts  grow 
along a v e r t i c a l  l i ne .  
Figure 7 shows a sketch of the same c r y s t a l  a f t e r  t he  growth experiment. 
The defec ts  were found t o  be concentrated i n  a t h in ,  v e r t i c a l  planar region. 
Figure 5. Examples of Convection. 
Notice no evidence for convection at the side surfaces. The 
white spot indicated by an arrow is a fiber from a tissue 
paper. 
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Figure 6. Convection Currents and Defects. 
Concentration convection currents and defects in the 
case of a growing crystal with the a-axis held vertical. In 
the upper photograph, the convection current is emphasized. 
In the lower photograph, the defects are emphasized. The 
lower one was & a k a  24 hours befo: : the upper one. 

Figure 7.  Illurtration of Figure 6. 
Sketch of the name cryrtal ae tn Fig. 6 a f t e r  the  grovt l i  
experiment. Notice the defect. arc concentrated in t h l n ,  
vertical plane. 
Fig. 7 
2.2-4 Conclusion 
I n  view of t he  evidence presented in t h i s  sect ion,  t h a t  given in 2.2-3 
in par t icu lar ,  w e  bel.ieve, it has been proven t h a t  ( i )  s t rong convection 
currents  produce defects.  I n  addi t ion,  it is undoubted t h a t  ( i i )  s e n s i t i v i t y  
t o  convection depends on t h e  c r y s t a l  ax i s  along which c r y s t a l  growth occurs. 
I n  t he  case of Rochelle salt, growth along t h e  c-axis is most sens i t ive .  
Sens i t i v i ty  t o  convection is about t he  same f o r  growth along the  a and b axes, 
and l e s s  than t h a t  f o r  growth i n  t h e  c ax i s  d i rec t ion .  
2.3  Study of Convection 
2.3-1 Nature of Convection 
I n  general, convection i n  l i qu ids  is  induced by th ree  factors;  they 
a r e  temperature gradient ,  concentration gradient ,  and sur face  tension. Tem- 
perature gradient and concentration gradient  can induce convection only i n  
the  g rav i t a t i ona l  f i e l d .  Convection by surface tension can occur even i n  
the  cbsence of g rav i t a t i ona l  f i e l d .  3 
The convection which is re la ted  t o  t he  observed production of defec ts  
is  e s sen t i a l l y  t he  one induced by a concentration gradient .  
Figure 8a shows a p i c tu re  focused a t  t he  top surface of a growing 
crys ta l .  The convection occurred shor t ly  a f t e r  t he  cooling of t he  water 
bath was s t a r t e d  a t  a r a t e  of 18'clday. These photographs were taken every 
4 seconds, the  top one was f irst  and the  bottom one was l a s t .  Important 
fea tures  of t he  convection a r e  i l l u s t r a t e d  i n  Fig. 8b: The protrusion indi- 
cated by an arrow expanded gradually and f i n a l l y  detached i t s e l f  from the  
surface, r i s i n g  a s  a small sphere. Density of the  l i qu id  ins ide  the  sphere 
Figure 8a. Photographs of a Growing Crystal. 
Photographs of the convection from a crystal with the 
c-axis held vertical.  The photogzaphs were taken every 4 
seconds beginning with the top one and ending with the 
bottom one. 
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Figure 8b. Illustrations of the Photographs Given i n  Figure 8a. 

should be s l i g h t l y  lower than t h a t  of t he  so lu t ion .  Thus t n i s  r e s u l t  
suggests t ha t  convection occurs a s  a r e s u i t  of motion of so lu t ion  l aye r s  
adjacent t o  t he  c r y s t a l  surface.  As  the  c r y s t a l  grows, concentration i n  
t he  layer  would decrease compared t o  t h a t  of t h e  bulk so lu t ion .  Thus, 
f i n a l l y  t he  layer  would move under t h e  e f f e c t  of g rav i ty .  I n  other  words, 
t h e  convection should occur a s  a r e s u l t  of a concentration d iscont inu i ty  
produced i n  t he  v i c i n i t y  of t he  sur face  of a growing c r y s t a l .  
2.3-2 Concentration Discontinuity 
It is  possible  t o  es t imate  approximately t h e  concentrat ion d iscont inu i ty  
which r e s u l t s  i n  t h e  convection current.  For t h i s  purpose, motion of t h e  
spheres i n  Fig. 8b was studied. Upward speed and rad ius  of the  sphere were 
found t o  be approximately 0.5 nnnlsec and 0.5 unn, respect ively.  T t  i o  noted 
t h a t  the  Stokes force  on t h e  sphere should be equal t o  t he  buoyancy, 
where 
q = v i scos i t y  of the  solut ion,  
a = radius  of t h e  sphere, 
v = speed of t he  upward motion, 
d = dens i ty  of the  so lu t ion ,  
0 
d = dens i ty  of t h e  l i qu id  i n s ide  the  sphere, 
g = grav i t a t i ona l  accelerat ion.  
One must remember, however, t h a t  Stokes law appl ies  t o  t he  present case 
only with poor accuracy f o r  severa l  reasons: For example, t he  sphere is not 
r i g i d  but deforms a s  i t  moves; secondly, radius  of t h e  sphere increases  with 
time because of d i f fu s ion  (see Fig. 8a) ;  f o r  t he  same reason, densi ty ,  d, 
increases  with time, e tc .  It would be possible  and in t e re s t ing  t o  formulate 
a theory which appl ies  t o  t h e  present case more accurately,  Such an e f f o r t  
is beyond the  scope of t he  present invest igat ion,  however, 
For t he  reasons c i ted ,  use of t he  above equation allows one t o  obta in  
only an order-of-magnitude approximation t o  the concectrat ion discont inui ty.  
With the  use of n = 0.0286 gm/cm-sec f o r  a sa tura ted  so lu t ion  a t  20°C, 4 , s  
and the  observed values of v and a, it w a s  found t h a t  
Or t he  concentration d i f fe rence  Ac is 
Concentration of a saturated solut ion,  C a t  28O~,  where the  experiment 
0' 
was done, is about 1 0 0 % . ~ ' ~  Thus i n  terms of A C / C ~ ,  t h e  concentration dis-  
cont inui ty : Although there  is, t o  our knowledge, no way t o  examine 
depmdabi l i ty  of t he  above calculat ion,  it would be in t e re s t ing  t o  note  
t h a t  t he  calculated concentration discont inui ty is very small ,  a s  one might 
expect. 
2.3-3 Evidence f o r  Weak Convection Currents 
The experimental evidence preeented so f a r  ind ica tes  s t rong convection 
currents  only i n  the  narrow v e r t i c a l  region above the  upper surface,  o r  t he  
peak, of a growlng c rys t a l .  There is some evidence, although ind i r ec t ,  
indicat ing weak convection i n  other  regions of t he  solut ion.  
A s  was already described, the  white spot indicated by the  arrow i n  
Fig. 5 is  a f i b e r  from a t i s s u e  paper. The t i s s u e  was used t o  dry the  v i a l ,  
i n  which the f i b e r  happened t o  be trapped. Motion of t h i s  f i b e r  was s tudied 
by taking 10 photographs, one every 20 seconda. This study revealed 
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inv i s ib l e ,  weak convection cur ren ts  which a r e  i l l u s t r a t e 6  by broken curves 
i n  Fig. 9. The s o l i d  curves i n  the  same f igu re  show v i s i b l e ,  s t rong con- 
vect ion currents.  
2.3-4 Conclusions 
The convection responsible f o r  production of t he  v i s i b l e  de fec t s  was 
shown t o  a r i s e  from motion of so lu t ion  l aye r s  adjacent t o  t h e  c r y s t a l  sur- 
face. The concentration discont inui ty,  which induced t h e  convection and 
made its de tec t ion  possible,  was found t o  be of t he  order of magnitude of 
i n  terms of a normalized concentration difference.  In  addi t ion,  
evidence was obtained t o  i nd ica t e  weak, i n v i s i b l e  convection currents .  
2.4 Effect  of Convection on Fe r roe l ec t r i c  Qualtiy 
2.4-1 S-value and Characterization of Fer roe lec t r ic  Qual i ty  
Since the defect-producting e f f e c t  w a s  proven, a more d e f i n i t i v e  
charac te r iza t ion  of c r y s t a l  qua l i t y  is required. I n  pa r t i cu l a r ,  it i s  impor- 
t a n t  t o  character ize t he  f e r r o e l e c t r i c  qua l i ty  i n  which we a r e  in te res ted .  
2 In t h e  case of a f e r r o e l e c t r i c  mater ial ,  the  c r y s t a l  has a s t r u c t u r e  
which cons is t s  of regions (ca l led  domains) with opposite, or  nearly opposite,  
d i r ec t ions  of e l e c t r i c  po lar iza t ions  (see the  upper f i gu re  i n  Fig. 10) .  I n  
t he  case of Rochelle s a l t  which is f e r r o e l e c t r i c  between - 1 8 ' ~  and 2 4 ' ~ ,  the 
d i f f e r en t  po lar iza t ions  a r e  found t o  be not exact ly i n  opposite d i r ec t ions ,  
although both d i rec t ions  a r e  nearly p a r a l l e l  (or an t i -para l le l )  t o  t h e  a- 
axis .  For t h i s  reason, a domain with pos i t i ve  polar iza t ion  and one with 
negative polar iza t ion  r o t a t e  a polar ized l i g h t  beam propagating along the  
a-axis by d i f f e r e n t  angles. As  a r e s u l t ,  one can d is t inguish  domains of 
opposi te  po lar iza t ion  using a microscope with polarized l i g h t .  
Figure 9. Convection Currents Around a Growing Crystal. 
Convection induced by a growing crystal.  Broken curves 
show weak convection currents which are not v is ible  but detected 
by other means. Solid curves show vis ible ,  strong convection 
currents. 

Figure 10. Ferroelectric Domains, 
The lower figure i l lustrates  expansions of some domains 
and contractions of others by an applied e lectr ic  f i e l d .  
polar ized  l i g h t  I 
I., 8 
When rn e l a c t r i c  f i e l d  i r  rppllrd d o a g  ttte p o r i t i v ~  p ~ l a r i r a t i o n  
d i r e c t t o t i  (the lower f i y t e  i n  Pig. 10). the posgtive d m r i n  expands and t h e  
negative d-in con t rac te .  In general, w i t c b i n g  of p o l a t i z 8 t i o n  qccurs  
gradually and di rcont inuoualy ,  as the e l e c i r l c  f i e l d  inc reases  (.#,nssquently 
t h e  h y s t e r e a i s  c u m *  given ih the upper f i g u r e  i n  Fig. 11 is otcerv.?J f o r  a 
f e r r o c l e c t r l c  c r y s t a l  i n  g e u e t r l .  For a hypothetical, per:cct f e r r o e l e c t r i c  
c r y s t a l ,  t h e  d t c h i n g  would occur a t  a c e r t a i n  e l e c t r i c  f i e l d  f a l w  thrcugh- 
out t h e  c r y s t a l .  Coasequeatly, t h e  h y s t e r e s t a  curve would b e  a rec tangu la r  
loop ouch a s  t h a t  shorn i n  t h e  Lower f i g u r e  i n  Fig.  11. ?;us a h i g h e ~  value  
of tan a would be expected for a better c r y s t a l .  Since  t h e  shape of t h e  
h y s t m e a i o  loop deprndm on observat ion c o n d i t l o r ~ r  , a normalized tangent ,  or 
8-value, war dd! i n r d  (r ee t h e  upper f inure)  : 
For t h e  reason given above, S-value should r e p r e r e n t  f e r r c e l e c t r i c  q u a l i t y :  
a higher va lue  corresponds t o  b e t t e r  q u a l i t y ,  t he  va lue  f o r  a p e r f e c t  crys-  
t a l  being l n f t n i t y .  
2.4-2 Qual i ty  D i r t r i b u t i o n  i n  a Crya ta l  
Figure 12 s h ~ m  o photograph of t h e  sample c r y s t a l .  A diagram of t h e  
same c r y o t a l  is rho= below the  photogr&ph with  some of its growth charac- 
t e r i s t i c s  ohovn f o r  c l a r i t y .  This c r y s t a l  1s t h e  product of t h e  f i r s t  
growth experiment ohown i n  Fig. 1. The lower diagram i n  Fig.  1 2  a l s o  r1lu .s -  
t z a t a r  t h e  c r y s t a l  growth i n  time, t h e  l a t t e r  being given by the  number i n  
houre i n  parenthesee.  Growth was r e l a t i v e l y  qlow between 18 hours and 37 
hours. The rut. was found t o  be 1.1 m/day  along t h e  h o r i m n t a l ,  a-ax is  
and 1.5 m l d a y  along t h e  v e r t i c a l ,  c-axis (Fig.  1 ) .  As i o  shown by t h e  
Figure 11. Ferroelectric Hysteresis Curves. 
The upper loop represents a typical curve. The lower 
one represents a loop from a perfect crystal. 

Figure 12. A Sample Crystal. 
Growth of the crystal against time i s  illustrated by 
the lower figure. The number i n  parentheses indicates time 
in hours. The 6 specimens taken are shown by broken l ines .  
Fig. 12 
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i l l u s t r a t i o n ,  no defec t  appeared during t h i s  time of growth. In  con t r a s t ,  
the  growth wae i r r e g u l a r  f o r  the  next period from 37 hours t o  73 hours, the 
end of growth (see Fig. 1) .  I n  pa r t i cu l a r  between 50 hours and 57 hours, 
the  r a t e  was r e l a t i v e l y  high, t h a t  is  2.0 mmlday along the  hor izonta l  axes 
and 3.4 -/day along t h e  v e r t i c a l  axes. A s  a r e s u l t  of t h i s  high growth 
r a t e ,  many defec ts  appeared along t h e  v e r t i c a l  axis, although no defec t  
appeared along the  hor izonta l  axis .  
A s  is shown by broken l i n e s  i n  t h e  i l l u s t r a t i o n ,  two s l i c e s  were taken 
from t h i s  c rys ta l :  one a t  t h e  center  and the  other  a t  t he  l e f t  s i de ,  each 
being fu r the r  cu t  i n t o  t h r ee  pieces.  The c r y s t a l  cu t t i ng  machine (see 4.2-3E) 
was used f o r  t h i s  process. 
Figure 13  shows two examples of t he  observed hys t e r e s i s  curves: t he  
upper one is f o r  t h e  top p a r t  of t he  c e n t r a l  slice, and the  lower is  f o r  
t he  bottom pa r t  of t h e  lef thand s l i c e .  The tangents of these two curves a r e  
qu i t e  d i f f e r e n t  . 
Figure 14 shows S-values f o r  t he  s i x  specimens. The top pa r t  of t he  
cen t r a l  s l i c e  has t h e  lowest S-value of 3.7, while t he  bottom p a r t  of t he  
l e f t - s ide  s l i c e  has t h e  highest S-value of 15.9. I n  addi t ion,  t he  S-value 
f o r  any specimen i n  t he  l e f t  hand s l i c e  i s  higher than t h a t  f o r  any i n  t he  
cen t r a l  s l i c e .  These r e s u l t s  would be reasonably expected from the  observed 
convection currents .  The cen t r a l  s l i c e  is  predominantly a product of growth 
along the  v e r t i c a l  a x i s  which is s e n s i t i v e  t o  convection cur ren ts .  In  con- 
t r a s t ,  t he  left-hand s l i c e  is  predominantly a product of growth along the  
horizontal  ax i s  w5ich is less sens i t i ve  t o  convection current2 Moreover, 
i n  the  same cen t r a l  s l i c e ,  t he  top pa r t  influenced by a higher growth r a t e  
and hence strong convection cur ren ts ,  has a lower S-value (3.7) a s  comp~red 
Figure 13. Hysteresis Curves. 
Observed hysteresis curves from the sample cyrstal in 
Fig. 12. The upper curve, which is from the top part of the 
central s l i c e ,  has a small tangent and S = 3 . 7 .  The lower 
one, which is from the bottom part of the l e f t  s l i c e ,  has a 
large tangent, and S = 15.9. 
Fig.  13 
Figure 14. S-values of the Sample Crystal i n  Fig. 12 .  
S-VALUE 
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t o  t h e  c e n t r a l  p a r t ,  where S = 5.4. This is a l s c  t h c  c a ~ a  f o r  the  left-hand 
s l i c e ,  t h a t  is, t h e  top  p a r t  which grew under s t r o n g  convection c u r r e n t s  
had a  lower S-value (11.6) as compared t o  t h e  bottom p a r t  of t h e  s l i c e  where 
S  = 15.9. 
I n  t h e  l e f t  hand s l i c e ,  t h e  c e n t e r  p a r t  has  t h e  lowest S-value i n  t h e  
s l i c e .  It is noted t h a t  t h e  present  convection s tudy p r e d i c t s  an i n t e r -  
mediate va lue  i n  c o n t r a s t  t o  t h e  observat ion.  Thus i t  was important t o  
confirm dependabi l i ty  of t h e  characterizaV.ion by h y s t e r e s i s  method by another  
e n t i r e l y  d i f f e r e n t  techniques.  For t h i s  reason.  domain photographs f o r  t h e  
s i x  specimens were taken,  and t h r e e  examples a r e  given i n  Fig.  15.  The top  
f i g u r e ,  which is from t h e  top  p a r t  of t h e  c e n t r a l  s l i c e  shows domains 
g r e a t l y  d i f f e r e n t  i n  width. The c e n t r a l  one and t h e  bottom one a r e  from 
t h e  c e n t e r  p a r t  and t h e  bottom p a r t  of t h e  left-hand s l i c e ,  r e s p e c t i v e l y .  
Both domain s t r u c t u r e s  a r e  f a i r l y  uniform i n  width but t h e  c e n t r a l  one 
shows g r e a t l y  deformed domains. The photograph from t h e  top  p a r t  of t h e  
l e f t  hand s l i c e ,  which i s  n o t  given,  shows a domain s t r u c t u r e  s i m i l a r  t o  
t h a t  i n  t h e  top  f i g u r e  but much l e s s  i r r e g u l a r .  Consequently, t h e  r e s u l t  
of domain s t r u c t u r e  observat ion is  i n  accordance wi th  t h e  r e s u l t  of h y s t e r e s i s  
observat ion,  a s  f a r  a s  c h a r a c t e r i z a t i o n  of c r y s t a l  q u a l i t y  is  concerned. Tc 
p a r t i c u l a r  i n  t h e  c a s e  of t h e  left-hand s l i c e ,  t h e r e  i s  no doubt t h a t  t h e  
cen te r  p a r t  is of r e l a t i v e l y  poor q u a l i t y .  Explanation f o r  t h i s  f a c t  has 
not  been found. More s e n s i t i v e  techniques t o  d e t e c t  convection such as 
Schr ieren method, might he lp  t o  i n t e r p r e t  t h i s  r e s u l t .  It is important t o  
n o t e ,  however, t h a t  both p a r t s  show no v i s i b l e  d e f e c t s  and y e t  t h e  two p a r t s  
a r e  g r e a t l y  d i f f e r e n t  i n  f e r r o e l e c t r i c  q u a l i t y .  
Figure 15. F e r r o e l e c t r i c  Domains 
Domain s t r u c t u r e s  of t h e  sample c r y s t a l  i n  Fig.  12.  
The magnif icat ion f a c t o r  is 300. The top  f i g u r e ,  which is  
from t h e  top  p a r t  of t h e  c e n t r a l  s l i c e ,  shows domains which 
a r e  g r e a t l y  d i f f e r e n t  i n  width. The c e n t r a l  one and bottom 
one a r e  from t h e  cen te r  p a r t  and t h e  bottom p a r t  of t h e  l e f t  
s l i c e ,  r espec t ive ly .  Both domain s t r u c t u r e s  a r e  f a i r l y  
uniform i n  width but t h e  c e n t r a l  one shows g r e a t l y  deformed 
domains. 

2.4-3 Conclusions. 
I t  was concluded t h a t  convection c u r r e n t s  degrade f e r r o e l e c t s i c  q u a l i t y .  
It was shown a l s o  t h a t  d i f f e r e n t  p a r t s  of a  c r y s t a l  can be  g r e a t l y  d i f f e r e n t  
i n  f e r r o e l e c t r i c  q u a l i t y ,  even thaugh t h e s e  p a r t s  show no v i s i b l e  .Zects.  
No study has  been conducted, however, t o  determine degrees  of t h e  convection,  
those  of f e r r o e l e c t r i c  q u a l i t y ,  and concen t ra t ions  of t h e  v i s i b l e  d e f e c t s .  
2.5 Metal Ion Doping-Preliminary Study 
2.5-1 S ign i f i cance  of t h e  Study 
Since we have shown t h e  degrading e z f e c t  t h a t  convection c u r r e n t s  have 
on f e r r o e l e c t r i c i t y ,  one might expect  t h a t  convection wou1.d e f f e c t  many 
o t h e r  c r y s t a l  q u a l i t i e s  as w e l l .  D i s t r i b u t i o n  of t h e  doping metal  ions  i n  
a n  organic  c r y s t a l  is one of t h e  p o s s i b l e  q u a l i t i e s  t o  be examined. Many 
ft+ 
metal  ions  such a s  cut+ and Cr have s t r o n g  c h a r a c t e r i s t i c  c e l o r s ,  and 
hence exaninat ion of t h e  doping distr ibut!on should be f a i r l y  easy.  For 
t h i s  reason,  s e v e r a l  o rgan ic  c r y s t a l s  doped by v a r i e d  meta l  ions  were grown 
t o  o b t a i n  p r e l . b i n a r y  information.  
2.5-2 Resu l t s  of t h e  Pre l iminary  Study 
Doped c r y s t a l s  were grown by a slow evaporat ion technique :.t room 
temperature. The concen t ra t ion  of a  doping compound was u s u a l l y  about 1 
weight percent of t h e  s o l u t i o n  s a t u r a t e d  by a  c r y s t a l  m a t e r i a l .  A slow 
cooling technique was used supplementari ly i n  some cases .  
The c r y s t a l s  doped a r e  a s  fo l lows:  
Rochelle s a l t ;  
t r i g l y c i n e  su lpha te ;  
lPycinea: 
R e e e  c r w d s  *re doped wash gbe f o l l o w h g  metal  ions :  
Chlor ides  and nitrates of these  meta l s  u e r e  used a s  doping compnunds. 
The doped c r y s t a l s  wme examined wi th  t h e  unaided eye pnd under a 
+t 
microscope. Sane c r y s t a l s ,  f o r  exauple those  of Cu doped L-alanine showzd 
marked inhomogeneit ies even f o r  a v i s u a l  inspec t ion .  So.se o t h e r  c r y s t a l s ,  
+I+ f o r  example those  of C r  doped L-alanine appeared uniforin f o r  a v i s u a l  
inspec t ion ,  but  showed inhomagenoit i e s  under a microscope examinat ion.  I n  -*& 
many cases ,  a  slow evaporat ion technique produced a c r y s t a l  h igher  i n  con- 
c e n t r a t i o n  0.- t h e  c1n9ing ions  and b e t t e r  i n  t h e  lop ing  uniformity .  
2.5-3 Concluding Remnrks 
A was shown t h a t  maw organ ic  c r y s t a l s  can be doped with metal  ions  
by growing c r y s t a l s  from s o l u t i o n s  c o n t a i n i l , ~  these  doping ions .  I t  is 
noted t h a t  s e v e r a l  workers have published on some doped c r y s t a l s .  6 ' 7  The 
p r e s e a  i n v e s t i g a t i o n  i s ,  however, be l ievzd t o  be tAe f i r s t  ex tens ive  s tudy 
i n  which many doping compounds were examined. 
The e f f e c t  of convection on Jopinq homop,eneity was not i n v e s t i g a t e d ,  
a.s of y e t ,  however. 
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2.6 Sunrmary and Conclusions 
Crystal  growth from eolutions was s tudied i n  the  case of organic 
cmpounds, Rochelle s a l t  i n  pa r t i cu l a r .  The inves t iga t ion  included growth 
study, observation of v i s i b i e  defec ts ,  study of t he  convection cur ren ts  
responsible f o r  defect  production, and study of f e r r o e l e c t r i c  q u a l i t i e s .  
I n  addi t ion,  many metal ion doped organic c r y s t a l s  were grown from solut ions.  
By the  growth study and observation of convection currents ,  it was 
proven t h a t  a  c ,nvec t io~  current  produces v i s i b l e  defec ts ,  which a r e  flaws 
and inclusions of solut ion.  In  addi t ion,  i t  was concluded t h a t  s e n s i t i v i t y  
t o  convection depends on the c r y s t a l  ax i s  along which c r y s t a l  growth occurs. 
In  the  case of Rochelle s a l t ,  growth along t h e  c-axis is mst sens i t i ve .  
The convection respots ib le  f o r  v i s i b l e  defec ts  is e s sen t i a l l y  a  
concentration induced one. More accurately,  t h e  convection was shown t o  
a r i s e  from motion of so lu t ion  layers  adjacent t o  the  growing c r y s t a l  surface. 
The concentration discont inui ty between the  layers  and the bulk so lu t ion  
induced the conve~t ion .  This discont inui ty was found t o  be of t he  order of 
magnitude of i n  terms of a  normalized concentration difference.  In  
addi t ion,  evidence was found t o  ind ica te  weak, i nv i s ib l e  convection currents .  
It was shown, by studying f e r r o e l e c t r i c  hys te res i s  curves and domain 
i n  several  different p a r t s  of a  c r y s t a l ,  t h a t  convection cur ren ts  degrade 
f e r r o e l e c t r i c  qua l i ty .  It was shown a lso ,  t h a t  d i f f e r en t  p a r t s  of a  c r y s t a l  
can be grea t ly  d i f f e r en t  i n  f e r r o e l e c t r i c  qaz l i t y ,  even though these p a r t s  
show no v i s i b l e  defects .  
Since the convection currents  were shown t o  produce v i s i b l e  defec ts  and 
degrade f e r r o e l e c t r i c  qual i ty ,  macv her c r y s t a l  q u a l i t i e s  a r e  expected t o  
be degraded by the  convection currenrs.  It i s  coted tha t  the convection 
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responsible for  the degradations can primarily occur i n  a gravitational 
field, as the study of its nature indicates.  Consequently i t  i s  expected 
that a solution growth i n  a zero gravitational environment can resul t  i n  a 
crystal  of a very high quality.  
Section 3, Further Growth Experiments - Convection 
and Growth Rate (Second year ' s  Work) 
3.1 Introduction 
This pro jec t  was intended t o  study c r y s t a l  growth from so lu t ions  a s  
one of t he  programs fo r  "Space Processing Applications". The work during 
the  preceding contract  period had proven t h a t  s t rong convection i n  a solu- 
t i o n  produces defec ts  i n  t he  r e su l t i ng  c rys ta l .*  The aim of t h e  current  
project  was t o  c l a r i f y  the  na ture  of t he  defects ,  t o  i den t i fy  some important 
f ac to r s  a f fec t ing  c r y s t a l  q u a l i t i e s ,  and i f  possible  t o  apply these r e s u l t s  
t o  mprove q u a l i t i e s  of c r y s t a l s  with s c i e n t i f i c  and i n d u s t r i a l  s ignif icance.  
The current  inves t iga t ion  has achieved t h i s  aim t o  some exten t ,  though 
ra ther  accidental ly  and i n  a modest degree: For example, i n t e rp re t a t ion  of 
the newly observed f a c t s  resu l ted  i n  t he  discovery of a usefu l  technique 
11 c r y s t a l  growth under vacuum". This technique was applied t o  growth of 
L-alanine-doped t r i g lyc ine  sulphate which has been suggested t o  be possibly 
an excel lent  infrared detector  material.' L-Alanine doping concentrations 
of between 2% and 4% was obtained cons is ten t ly  compared t o  2% which is t he  
highest previously reported concentration. 10 
Many useful  propert ies  of c r y s t a l s  can be obtained by doping. Thus an 
inves t iga t ion  was planned t o  i den t i fy  t he  f ac to r  which determines the  dopant 
concentration of a c rys t a l .  By studying copper ion doped Rochelle s a l t ,  
the f ac to r  was found t o  be the  growth r a t e .  
It has been found tha t  convection degrades f e r r o e l e c t r i c  qua l i ty .  8 
Thus the  next etep was to  gain some ins ight  i n t o  the nature of the  fe r ro-  
e l e c t r i c  degradation. For t h i s  purpose, microscopic s tudies  of many 
c rys t a l s  were performed. It was found t h a t  convection increases  the r e l a t i v e  
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number of eolution-holding microscopic cavj ties compared t o  empty microscopic 
c a v i t i e s .  The eo lu t ion  trapped i n  a c r y s t a l  is expected t o  absorb e l e c t r o -  
magnetic energy and hence t o  degrade e l e c t r i c a l  p r o p e r t i e s  inc lud ing  t h e  
f erroe! e c t r i c  property.  
A f u r t h e r  s tudy revealed t h a t  t h e  microscopic c a v i t i e s ,  empty o r  
conta ining so lu t ion ,  a r e  f i l l e d  wi th  gaseous air.  I n t e r p r e t a t i o n  of t h i s  
and preceding r e s u l t s  suggested a new technique of c r y s t a l  growth under 
vacuum. This technique w a s  a c t u a l l y  i n v e s t i g a t e d  and was app l ied  succ.css- 
f u l l y  t o  grow a t r i g l y c i n e  su lpha te  c r y s t a l  h igh ly  doped wi th  L-alanine, a s  
w i l l  be described.  
I n  view of t h e  r e s u l t s  obta ined dur ing t h e  preceding and c u r r e n t  
p r o j e c t s ,  t h e r e  is now no doubt about t h e  degradat ion e f f e c t  of convection.  
Thus some preparatory  work on f l i g h t  experiments was performed. This  work 
included p repara t ion  of s u i t a b l e  growth m a t e r i a l s  and seed c r y s t a l s  of good 
q u a l i t y .  
I n t e r p r e t a t i o n  of t h e  e f f e c t  of convection suggested t h e  p o s s i b i l i t y  of 
suppress ion of c o n v e c t i o ~  hy an inhomogeneous magnetic f i e l d .  A prel iminary 
a n a l y s i s  suppor t ing t h i s  p o s s i b i l i t y  was a t  tempted. 
3.2 E f f e c t  of Growth Rate on Metal Ion Doping 
3.2-1 Cor re la t ion  between Growth Rate and Dopant Concentrarlon 
A. Experimental - We have a l ready  done experiments t o  show t h e  
c o r r e l a t i o n  between d e f e c t s  i n  t h e  r e s u l t i n g  c r y s t a l  and rate of growth. 8 
Since a metal  ion,  such a s  copper, would be a kind of d e f e c t  i n  t h e  Rochelle 
sal t  c r y s t a l  l a i r t i ce ,  i t  seems p o s s i b l e  t h a t  t h e r e  is a s i n i l a r  c o r r e l a t i o n  
between r a t e  of growth and concen t ra t ion  of metal  ion dopant. 
Preliminary experiments were done wi th  Rochelle s a l t  grown i n  a e o l u t i o n  
of water,  Rochelle s a l t  and CuCl Figure  16 shows t h e  g l a s s  v i a l  wi th  2' 
growth s o l u t i o n  and c r y s t a l  i n  t h e  temperature bath .  The s a t u r a t i o n  tempera- 
t u r e  f o r  t h e  experiment shown i n  Fig.  17  was s l i g h t l y  above 34°C. I n  t h e  
f i r s t  p a r t  of t h e  experiment ( region I i n  t h e  f i g u r e ) ,  t h e  temperature was 
kept a t  3 4 " ~  where convection c u r r e n t s  were v i s i b l e  but  no t  s t rong.  After  
more than 12 hours of slow growth, t h e  o r i g i n a l  convection c u r r e n t s  were 
b a r e l y  v i s i b l e .  The c r y s t a l  t h a t  had grown i n  t h i s  t ime looked t ransparen t ,  
uncolored, and had no v i s i b l e  d e f e c t s .  Next, t h e  system was cooled 10" i n  
two hours. Very s t rong  convection c u r r e n t s  were observed whi le  t h e  tempera- 
t u r e  was kept a t  24OC. A f t e r  f o u r  hours  of t h i s  r a p i d  growth, region I1 i n  
Fig. 17,  many d e f e c t s  had appeared near  t h e  top,  growing s u r f a c e  of t h e  
c r y s t a l ,  roughly i n  t h e  ab plane.  The temperature was then r a i s e d  u n t i l  
those  vigorous c u r r e n t s  stopped. Next, t h e  system was cooled a t  a r a t e  of 
about 0.08OC/hr (region I11 i n  Fig. 17) .  Af te r  about 40 hours of t h i s  
moderate growth, t h e  c r y s t a l  was removed from t h e  growing s o l u t i o n .  A s l i c e  
was made perpendicular  t o  t h e  ab plane and t h e  c r y s t a l  s u r f a c e s  were pol ished 
wi th  s e v e r a l  grades  of g r ind ing  compound. F i n a l l y ,  t h e  c r y s t a l  was washed 
i n  a mixture of water and methanol. 
B. Resul ts  - The s l i c e  of c r y s t a l  r e s u l t i n g  from t h i a  p repara t ion  
presented a c ross  s e c t i o n  f o r  s tudy which c l e a r l y  showed t h r e e  d i f f e r e n t  
regions .  Photographs were taken wi th  a microscope camera and t h e  r e s u l t s  
a r e  shown i n  Fig. 18. The d i f f e r e n t  regions  of growth a r e  c a l l e d  I, 11, 
and 111, and correspond t o  t h e  regions  I, 11, and I11 i n  Fig .  17, t h a t  i s ,  
region I of t h e  c r y s t a l  s l i c e  grew i n  t h e  time c a l l e d  I i n  Fig .  17 and s o  
on. The growth r a t e s  f o r  reg ions  I, 11, and 111 were slow, f a s t ,  and 
moderate, r espec t ive ly .  
Figure 16. Crystal  Growth Vial.  
A g l a s s  v i a l  with a  p l a s t i c  stopper h i s  used t o  hold 
t he  growth so lu t ion  f o r  t he  copper-dcyed Rochelle s a l t  
experiments. A brass  weight was used t o  s t a b i l i z e  t h e  
v i a l  i n  the  p l a s t i c  support stand. Temperature of t h e  
growth so lu t ion  was held a t  a desired value by heat ing 
o r  cooling t h e  rap id ly  c i r cu l a t i ng  water i n  t he  
temperature bath. 
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Figure 1 7 .  Cooling Curve for Preliminary Experiment CURS #I 
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Figure 18. Microscopic Cross Section of Crys ta l  CURS 11. 
A t h i n  s l i c e  of t h e  c r y s t a l  grown a s  described i n  
Fig. 16. The l aye r s  shown a s  I, 11, and I11 correspond 
t o  t he  growth ~ e r i o d s  I, 11, and I11 i n  F ig ,  16. The 
s l i c e  was grown v e r t i c a l l y ,  fron: t he  bottom of region I 
t o  t h e  top of region 111. The thickness  of t he  s l i c e ,  
from t h e  top  of region 111 t o  the  bottom of region I, 
is 3 m. 
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Region I11 was t ransparen t  and b lue ,  I1 was opaque and mostly white,  
and I was t ransparen t  and uncolored. Thus it appears from t h e  b l u e  c o l o r  
t h a t  t h e  copper dopant was p resen t  only in region 111. 
It is poss ib le  f o r  copper t o  be p resen t  i n  smal l  amounts without g iv ing  
a b lue  co lo r  t o  t h e  c r y s t a l ,  so  i t  was necessary  t o  make a more a c c u r a t e  
measure of copper i o ~  concentra t ion.  An e l e c t r o n  s p i n  resonance (ESR) 
spectrometer was used t o  make t h i s  measurement. The s l i c e  shown i n  Fig.  1 8  
was divided i n t o  two p a r t s  by a c u t  made through t h e  cen te r  of r eg ion  11. 
Each of t h e s e  two p ieces  was then f u r t h e r  ground and pol ished t o  remove t h e  
m a t e r i a l  from reg ion  11. Thus we were l e f t  wi th  twc samples; one was 
t ransparen t  and b lue  i n  c o l o r  and came e n t i r e l y  from region 111, t h e  o t h e r  
was t r ansparen t  wi th  no v i s i b l e  co lo r ,  and came from reg ion  I. 
Both samples were o r i e n t e d  i n  t h e  microwave c a v i t y  wi th  t h e  c-axis 
approximately p a r a l l e l  t o  t h e  s t a t i c  f i e l d .  The r e s u l t i n g  ESR s p e c t r a  were 
recoraed and a r e  shown i n  F ig ,  19. From t h i s  we can s e e  t h a t  t h e  concentra- 
t i o n  of copper is  a t  l e a s t  t e n  t imes as g r e a t  i n  t h e  b lue  sample from 
region 111 a s  i n  t h e  uncolored one from region I. 
C. Conclusions - From t h e s e  pre l iminary s t u d i e s  we r a n  s e e  t h a t  t h e r e  
i s  some c o r r e l a t i o n  between concentra t ion of metal  ion  dopant and growth 
r a t e .  Fur ther  experiments a r e  needed t o  prove t h i s  c o r r e l a t i o n .  
D, Further  S t3d ies  - A growth s o l * ~ t i o n  was prepared by mixing t h e  
following m a t e r i a l s  a t  40°C: 15 grams of water ,  25.5 grams of Rochelle 
s a l t ,  and 0.15 gram of copper ch lo r ide .  Fur the r ,  by adding 0 .1  gram of NaOH 
(anhydrous) pH of t h e  s o l u t i o n  was ad jus ted  approximately t o  7.5. This 
s o l u t i o n  was used f o r  t h e  following growth experiments. 
Figure 19. ESR Study of Crystal CURE ill.  
Comparison of the ESR spectra of Region 111 [shown in 
(A) of Fig. 191 with Region I [shown i n  (B) of Fig. 191. 
The cor~centration of paramagnetic copper ions is  c lear ly  
greater in  Region I11 which was g:own at  the higher rate .  
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Figure 20 shows the  bath temperature against  time during one of t he  
growth expei-lments. The c-axis of t h e  c r y s t a l  was held horizontal  during 
this growth experiment. After  80 hours of growth the  c r y s t a l  wna rcm~vtxi 
from t h e  solut ion and then ermined. Figure 21 shows a sketch of t he  
resu l t ing  c rys ta l .  Regions of growth a r e  ca l led  A, B, and C, and corres- 
pond t o  periods I, 11, and I11 i n  Fig. 20. That is, c r y s t a l  growth i n  
regions A and C a r e  induced by the  temperature drops i n  perioEs I and 111, 
respect ively,  i n  Fig. 20. Growth t n  region B is t h e  rescllt of the  ar'ter- 
e f f e c t  of growth in region A. Region A, which was ohtained f o r  a r e l a t i v e l y  
high growth r a t e ,  wap fount! t o  be heavily doped; while region B, which w a s  
obtained f o r  a very s l o J  . e, was found t o  be only s l i g h t l y  doped. Final ly ,  
regfon C, which was cbtained f o r  a moderate growth r a t e ,  was f o w d  t o  be 
doped, but t he  dopant concentration was l e s s  than 112 t h a t  of region A. 
Thus it was concluded t h a t  t he re  13 a cor re la t ion  between growth r a t e  
and concentration of metal i cn  dopant Several o ther  experiments imi la r  
t o  t h a t  given above supported our conclusion. Consequently we be l ieve  w e  
have proven t h i  s correlat ion.  
1.2-2 Doping i n  t he  L i m i t  of Extrzmely Slow Growth Rates 
It is important t o  determine whether o r  not doping occurs f o r  a c r y s t a l  
grown a t  an extremely slow ra t e .  An experiment was performed f o r  t h i s  pur- 
pcs;. A solut ion at 32.4OC was cooled t o  31.8OC over a period of three 
hours. It was then held a t  31.8'2 f o r  1 7  hours while t h e  c rys ta l  continued 
t o  grow. For these conditions,  the  c r y s t a l  is expected t o  grow as a zesu l t  
of t hc  a f t e r e f f e c t  of t h i s  slow cooling and hence the  growth r a t e  should be 
very low. This slow erowth region of the  r e su l t i ng  c r y s t a l  showed no 
evidence of blue color and hence the  doping concentration should be extremely 
suiall. 
Figure 20. Cooling Curve for Experiment CURS #7. 

Figure 21. Crystal CURS 17 in its Growth Vial. 
The crystal regions A, B, and C correspond to the 
time periods I,  11, and I11 in  Fig. 20 respectively. 

Previous inveat igat ione have shown t h a t  qua l i t y  of a c r y s t a l  i s  b e t t e r  
f o r  a slower growth r a t e .  Coneeque~tly,  tho r e ~ u l t s  i n  t h i s  ~ c c t i o n  and 
the  two preceding 3ections lead one t o  conclude t h a t  metal ion doping occurs 
a t  defec ts  i n  t he  c r y s t a l  and hence no doping should ciccur f o r  a "perfect" 
c r y s t a l ,  
3.2-3 Control of t h e  Dopant Concentration 
In  t he  previous inves t iga t ions  we proved t h a t  t he re  is a co r r e l a t i on  
between growth r a t e  and concentration of copper dopant i n  Rochelle s a l t  
c ry s t a l s .  Now we want t o  cxamine t h i s  co r r e l a t i on  more ca re fu l ly  and deter-  
mine whether t h e  dopant concentration can be control led.  
A.  Experimental - Solutions f o r  doping concentration experiments were 
prepared by mixing t h e  following mater ia l s  a t  60' - 70°C: 45 grams of water, 
76.5 grams of Rochelle salt, and 0.45 gram of copper ch lor ide  (anhydrous). 
Further,  by adding 0.3 gr& of NaOH (anhydrous) t h e  pH of t h e  growing solu- 
t i o n  was adjusted t o  approximately 7.5. T h i ~  so lu t ion  was t r ans fe r r ed  while 
s t i l l  warm t o  t h r ee  i d e n t i c a l  v i a l s .  I n  each v i a l ,  a seed c r y s t a l  was 
placed so  a s  t o  grow with e i t h e r  t h e  a, b, o r  c -c rys ta l  a x i s  v e r t i c a l .  
(Figure 22 shows the  a,  b, and c -c rys ta l  axes of a s i n g l e  c r y s t a l  of Rochelle 
s a l t . )  Then, t he  v i a l  with t he  or iented seed and its growing so lu t ion  was 
cz re fu l ly  lowered i n t o  t he  constant temperature bath. 
Pigure 23 shaws the  bath temperature versus t i m e  during one such growth 
experiment. After 70 hours of growth, t he  c r y s t a l s  were removed from t h e i r  
so lu t -ons  and then examined. Figure 24a shows a photograp5 of the  r e su l t i ng  
c rys t a l s .  (See Fig. 22 f o r  i d e n t i f i c a t i o n  of t he  c r y s t a l  axes . j  While the  
c r y s t a l  on the  r i gh t  was growing, t he  a-axis was held v e r t i c a l ;  s imi l a r ly ,  
the  b-axis of the  center  c r y s t a l  and the  c-axis of t h e  l e f t  c r y s t a l  were 
v e r t i c a l  during the growth experiment. 
Figure 22. Rochelle S a l t  Crystal Habit. 

Figure 23.  Cooling Curve fo . Experiment CURS 123 .  

Figure 24a. Phntograph of the Crystals Grown i n  Experfment CURS 4\23. 
See Fig. 23 for the cooling curve. The c-axis of 
the crystal  oi. the l e f t  was vert ica l  during growth, 
while the b- and a-axes of the central and right crystal  
respectively were vert ica l  while they grew. 
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Figure 24b. I l lus trat ion  of Figure 24a. 
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B. Results - Notice t h a t  a l l  th ree  c r y s t a l s  have s imi la r  grobth pa t t e rns ,  
tLat is, they a l l  have s imi la r  a l t e rna t ing  a r ea s  of dark and l i g h t  shading. 
Tne dark a reas  a r e  blue and a r e  more heavi ly  doped, while t h e  l i g h t  a reas  
a r e  p rac t i ca l l y  co lo r l e s s  with no de tec tab le  doping. This growth pa t t e rn  is 
c r the r  i l l u s t r a t e d  i n  Fig. 24b f o r  t h e  case  of t h e  c r y s t a l  i n  t h e  cen te r .  
The growth layers  I +'.:ough VI . a r e  named i n  accordance with t h e  growth periods 
shown i n  ?!$. 23. For example, t h e  layer  11 was f o m 4  by c r y s t a l  growth 
during t h e  growth period 11. Table I lists the  iiverage thickness of each 
grok :I layer ,  growth time, and growth r a t e  f o r  t he se  t h r ee  c rys t a l s .  We 
were able  t o  ad jus t  t he  growth r a t e  by properly decreasing t h e  bath tempera- 
ture .  This temperature decrease is a l s o  l i s t e d  i n  Table I (see a l s o  Fig. 2 3 j .  
Concentration of t h e  copper dopant was determined a s  a funct ion of 
growth r a t e  by performing severa l  semi-qualitative experiments. The r e s u l t s  
a r e  given i n  Table 11. The concentration values  given here  were determined 
by comparing the  blue color  of a sample c r y s t a l  with t h a t  of a sample solu- 
* t i o n  of t h e  same thickness containing a known concentration of Cu . The 
r e l a t i v e  concentration of copper dopant could a l s o  be roughly determined by 
comparing the  i n t ens i t y  of blue color  i n  c r y s t a l s  of t h e  same thickness.  
Of course, it should be remembered tha t  both these tech-iques can give only 
approximate values of t h e  dopant concentration. 
C. Conclusions - I n  conclusion, the  experiments described above c l e a r l y  
demonstrate t h a t  t he  doping concentration can be control led by cont ro l l ing  
t he  growth ra te .  
Tajle I .  Growth Rates for Experiinent #23. 
Thickness Growth Growth Temperature 
Layers (m) Time Rate decreases 
(Hours) (mmlday ( " C )  
Table 11. GROWTH RATES AND DOPING CONCENTRATIONS (SEMI-QUANTITATIVE) 
Growth 
Rates 
(mmlday 
3.2-4 Conclusions 
From a l l  t he  preceding experiments we make the  following conclusions; 
( i )  There is  a cor re la t ion  between growth r a t e  and concentration of 
metal ion dopant. 
( i i )  Doping of copper ions i n  Rochelle s a l t  c r y s t a l s  occur a t  defec ts  
i n  t he  c rys t a l s ,  and hence no doping should occur i n  the  l i m i t  of extremely 
slow ra tes .  
( i i i )  Doping concentration can be control led by cont ro l l ing  the  growth 
r a t e .  
3.3 Effect  of ConvectCon on Crystal  Propert ies  - Further Studies 
3.3-1 Evidence f o r  t he  Effect  of Convection on Dopant Concentration 
The cor re la t ion  between growth r a t e  and dopant concentration suggests 
an associat ion between convection and metal ion doping. In  s p i t e  of inten- 
s ive  e f f o r t s ,  we have not been ab le  t o  prove t h i s  associat ion.  We have 
several ,  i nd i r ec t  evidences suggesting t h i s  a s ~ o c i a t i ~ n ,  however. One such 
example i s  given i n  Fig. 25. This c r y s t a l  was obtained by slow evaporatidn 
of a growing so lu t ion  while t he  a-axis of t he  c r y s t a i  vas held v e r t i c a l .  
The f i gu re  shows t h a t  t h e  outermost regions along the  horizontal  c-axis a r e  
not doped, or  doped only s l i g h t l y .  
It is remabered tha t  e f f e c t s  of convection a r e  grea te r  along a ve r t i ca l  
d i r ec t ion  than along z hcr izonta l  d i rec t ion .  It is a l so  noted t h a t  t he  
c-axis is most s ens i t i ve  to  convection, t h a t  is, defects  i n  a c r y s t a l  most 
l i e k l y  appear along the  c-axis; t he  a-axis i s  most s t ab l e  against  convection. 
Thus the  r e s u l t  i n  Fig. 25 t h a t  shows no doping along the  most s e n s i t i v e  
c-axis can be explained only by assuming an associat ion between convection 
and dopant concentration. 
R ~ O D U C B Z L R Y  OF THE 
oRIWAL PAGE E POOR 
Figure 25.  Slow Evaporation Experiment. 
The crystal  was grown by a slow evaporation technique 
with the a-axis held ver t i ca l .  
Wt\tly doped 
Slow Evaporation Experiment 
9 7 
It is noted t h a t  a slow evaporation experiment such a s  shown above 
should not be considered t o  be a control led experiment. One can not claim 
t h a t  t he  assoc ia t ion  is proven u n t i l  i t  is shown by slow cooling experiments 
fo r  varying conditions.  
If the  assoc ia t ion  between convection and dopant concentrat ion is 
proven, then t h e  concept of space processing must be modified. So f a r  w e  
have assumed t h a t  t h e  l c s s  t h e  convection is, the  b e t t e r  t he  r e su l t i ng  
c r y s t a l  w i l l  be, This is t r u e  f o r  pure c r y s t a l s .  However, i n  some cases 
of doped c r y s t a l s ,  apparently some convection is s t i l l  needed t o  grow a 
uniformly doped c rys t a l .  Of course, one may expect t h a t  a convection su i ta -  
b l e  f o r  such purposes can be produced under control led g rav i ty  which can be 
achieved only i n  a spacecraf t .  
3.2-2 Ef fec t  of Convection on Crys ta l  Habit 
Crystallographers c a l l  t h e  c h a r a c t e r i s t i c  shape of a c r y s t a l  i ts  
"habit". Figure 22 shows some of t h e  c r y s t a l  hab i t s  of Rochelle s a l t  grown 
from a bas ic  so lu t ion  containing copper ions.  The habi t  of a c r y s t a l ,  t he  
r e l a t i v e  s i z e s  of its c h a r a c t e r i s t i c  faces ,  is determined by t h e  r a t e s  a t  
which t h e  d i f f e r e n t  s o r t s  of faces  grow on it. Crys ta l s  of Rochelle s a l t  
grown from a bas ic  so lu t ion  i n  the  presence of copper ions a re ,  i n  general,  
t h i n  p l a t e s  i n  t he  ab-crystal  plane with t he  c-axis perpendicular t o  t he  
plane. 
In  Fig. 22 the  (010) face  is shown on the  r i g h t  s i d e  of t he  diagram; 
t h i s  small  f ace  is  p a r a l l e l  t o  the  a -c rys ta l  ax is .  The (010) face  is a l s o  
shown by the  arrow a t  t h e  top of t h e  i l l u s t r a t i o n  of t h e  c r y s t a l  shown i n  
Fig. 24b. Referring t o  Fig. 24a, it is noted t h a t  t he  (010) plane d i s t i n c t l y  
appears i n  the  c r y s t a l  on the  l e f t  but i s  present only s l i g h t l y  i n  the  
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c r y s t a l  a t  t h e  c e n t e r .  This d i f f e r e n c e  should be a t t r i b u t e d  t o  convection,  
s i n c e  t h e  only d i f f e r e n c e  i n  growth cond i t ions  f g r  t h e s e  c r y s t a l s  i s  t h a t  
t h e  c r y s t a l  axes  were o r i e n t e d  d i f f e r e n t l y  i n  t h e  g r a v i t a t i o n a l  f i e l d .  The 
c-axis was v e r t i c a l  f o r  t h e  former and t h e  b-axis was v e r t i c a l  f o r  t h e  l a t t e r .  
The shape of t h e  t h i r d  c r y s t a l  on t h e  r i g h t  suppor t s  t h i s  conclusion.  No 
(010) plane appears i n  t h i s  c r y s t a l  whose a-axis  was v e r t i c a l  dur ing growth; 
Fur the r ,  t h e  (110) plane appears i n  t h e  l e f t  and c e n t e r  c r y s t a l s  and i s  
absent  i n  t h e  c r y s t a l  on t h e  r i g h t ,  t h e  dominant plane being (210). 
The above-mentioned r e s u l t  seems t o  suggest  t h a t  convection might 
d i r e c t l y  a f f e c t  t h e  dopant concen t ra t ion  a long a  given c r y s t a l  d i r e c t i o n .  
We cannot say we have proven t h e  e f f e c t  of convection on dopatit concentri:- 
t i o n ,  al though t h e  r e s u l t s  of s e v e r a l ,  uncontrol led  experiments support  t he  
presence of t h i s  e f f e c t .  One such example has a l ready  been given i n  Sect ion 
3.3-1. 
3.3-3 E f f e c t  of Convection on Microscopic Defects 
A. Experimental - Solu t ions  f o r  t h e  growth experiment were prepared 
by mixing t h e  following m a t e r i a l s  a t  60' - 70°C: 45 grams of water ,  76.5 
grams of Rochelle s a l t ,  0.45 gram of copper c h l o r i d e  (anhydrous! and 0.3 
gram of NaOH (anhydrous). This s o l u t i o n  w a s  t r a n s f e r r e d  whi le  s t i l l  warm 
t o  t h r e e  i d e n t i c a l  v i a l s .  In  each v i a l ,  a  seed c r y s t a l  was placed s o  as  t o  
grow with  e i t h e r  t h e  a ,  b ,  o r  c -c rys ta l  a x i s  v e r t i c a l .  Then, t h e  v i a l  w f t h  
i ts  o r i e n t e d  seed and i t s  growing s o l u t i o n  was c a r e f u l l y  lowered i:lto t h e  
cons tan t  temperature bath.  F igure  26 shows the  bath  temperature ve rsus  
time f o r  experiment CURS t26.  After about 80 hours of growth, t h e  c r y s t a l s  
were removed from t h e i r  s o l u t i o n s  and then examined. Figure  2 7  shows a 
Figure 2 6 .  Cooling Curve for Experiment CURS 8 2 6 .  

Figure  27.  Photograph of C r y s t a l  CURS #26. 
See F ig .  26 f o r  t h e  c o o l i n g  curve .  Th i s  c r y s t a l  was 
grown wi th  t h e  b-axis v e r t i c a l .  The t h r e e  a r e a s  of d a r k  
c o l o r i n g  a r e  t h e  t h r e e  r eg ions  of h e a v i e s t  copper doping, 
and each grew dur ing  one of t h e  t h r e e  drops i n  t m p e r a t u r e  
shown in Fig.  26. There a r e  some d e f e c t s  v i s i b l e  i n  t h e  
o u t s i d e  dark  a r e a ,  near  t h e  edge of t h e  c r y s t a l  on t h e  
l e f t  s i d e .  

photograph of t h e  c r y s t a l  that grew with  the b - c t y r t a i  n t i ~  v e r t i c a l .  A 
- s e c t i o n  of t h e  o u t s i d e  b l u e  edge of t h e  c r y s t a l ,  one from each a l d e ,  i s  a l s o  
shown after being enlarged 125 t imes  (Figs.  28 a d  29).  
B. Resu l t s  - The b-ax18 of t h e  c r y s t a l  shown l n  Fig.  27 was not  
p r e c i s e l y  v e r t i c a l  dur ing grmth. The smal l  t ilt  (5' o r  l e a & )  t o  one s i d e  
vas enough t o  produce s t r o n g e r  convection c u r r e n t s  on t h e  r l g h t  a i d e  of the 
c r y s t a l  cmpared  t o  those  on t h e  l e f t  s i d e .  Th i s  dl' h r e n c e  i n  t h e  r e a l t i v e  
a t r e n g t h s  of t h e  c u r r e n t s  a t  t h e  right-hand growing s u r f a c e  a s  compared t o  
t h e  l e f t  was e s p e c i a l l y  l a r g e  dur ing  t h e  growth of t h e  o u t s f d e  b lue  l a y e r  
During the  growth of t h i s  l a y e r  t h e  ternperature drop from t h e  p r q ~ e d i n g  
s t eady-s ta te  cond i t ion  was l a r g e r  than f o r  any of t h e  previously  grown l a y e r s  
(see Ffg. 26) and s o ,  whatever e f f e c t  convection may have had would be 
s t r o n g e s t  f o r  t h i s  o u t s i d e  b l u r  region.  It should be remembered t h a t  t h e  
s u r f a c e s  on both  a i d e s  of t h e  c t y a t a l  a r e  i d e n t i c a l ,  t h e  m (118) p lanes .  
If t h e r e  is  any d i f f e r e n c e  between t h e w  two s f d e s ,  t h e  d i f f e r e n c e  must 
a r i s e  from t h e  e f f e c t  of scmoectian. Fro-: a visual .  i n s p e c t i o n  of t h e  crys-  
t a l  i n  Fig. 27 t h e r e  seems t o  be l i t t l e  d i f f e r e n c e  i n  t h e  r i g h t  and l e f t  
s i d e s  of t h e  c r y s t a l .  A microscopic exun ina t i aa  revea led  a s i g n i f i c a n t  d i f -  
ference ,  however. 'aigure 28 shows a 8-11 p o r t k n  of t h e  r i g h t  s i d e  of t h e  
o u t s i d e  blue  l a y e r  en'-arged 125  tims. Figure  ?9 shows a correspond in^ a r e a  
from t h e  l e f t  s i d e  magnified by t h e  same amount. The d e f e c r s  from t h e  r i g h t  
s i d e ,  where convection was s t r o n g e s t ,  are two rows of t i n y  c a v i u e s ,  para l -  
l c l  t o  t h e  edge of  t h e  c r y s t a l .  These tiny c a v i t i e s  appear t o  be about 752 
f  il! ed wi th  s o l u t i a q .  
Figure 28. Microscope View of Crystal CURS 826. 
Defects not v i s i b l e  to  the naked eye could be seen 
af ter  magnifying 1'?5 times. Tiny cav i t i e s  appeared t o  be 
arranged in two rows paral le l  t o  the edge of the crysta l .  
Each cavity seemed t o  have a small amount of solution 
inside. 

Figure 29. Microscopic Vf ev o f  Crystal CURS 826, 
A small area near the left edge of the crystal shorn 
in Fig. 27. me barely visible defects have been enlarged 
125 times and appk.tr t e  be mostly empty cavities. Cmpared 
t o  the  cavities shown in F i g .  28 a t  the r lght  edge of t h i s  
crystal,  the cavities shown here on the le f t  side are 
huge. 

Fig t r e  29 shows an a r ea  from the  l e f t  s i d e  of t h e  c r y s t a l  where 
convection was r e l a t i v e l y  weak compared t o  t h e  r i g h t  s ide .  After  magnifying 
125 times, we can see  f a i r l y  la rge ,  mostly empty c a v i t i e s ,  There a r e  some 
areas  whi  h appear t o  contain trapped so lu t ion  but most of t he  volume of 
eack cavcty is  empty. The smooth bubble-like shape of these  l a rge  c a v i t i e s  
suggest t ha t  they may be f i l l e d  with trapped a i r .  This conclusion is fur-  
t h e r  supported by t h e  following f a c t :  When a c r y s t a l  with many empty 
c a v i t i e s  was dissolved, some small  bubbles appeared on the  surf  ace of t he  
solutior '  
To d , l t e  we have grown three  more c r y s t a l s  which show t h e  same kind of 
defec ts  as discussed above. That is, t he  s i d e  of t h e  c r y s t a l  with t h e  s t ronger  
convectiol~ has t i n y  c a v i t i e s  which a r e  about 70 - 80% f i l l e d  with so lu t ion .  
The other  s ide  of t he  c rys t a l ,  with l e s s  convection, had l a r g e r  c a v i t i e s  
whic!. vere only about 10  - 30% f i l l e d  with so lu t ion .  
3.3-4 I'onclusions 
F13m these preliminary r e s u l t s  we conclude tha t  one probable e f f e c t  of 
corivection is t o  t r*.  so lu t ion  i n  t he  t i n y  c a v i t i e s  formed in  t he  a rea  of 
rapid growth. Another poss ib le  e f f e c t  is t o  prevent t h e  formation of l a r g e  
empty cav i t  Les. 
The present r e s u l t  t h a t  weak convection induces la rge ,  empty, microscopic 
c a v i t i e s  stror:gly sugg- ts the p o s s i b i l i t y  t h a t  c r y s t a l s  grown i n  a zero- 
g rav i t a t i on  envirnn lent would contain many such c a v i t i e s .  For t h i s  reason 
i t  is recomme .. .led t h a t  a c a r e f u l  study on the  nechanism of production of 
these  c a v l ' i e s  be considered a s  one of the possible  p ro j ec t s  i n  the  near 
fu turc  . 
3.4 Application: Crystal  Growth Under Vacuum - Preliminary Study 
3.4-1 A New Technique a s  an Application of the  Present Inves t iga t ions  
The f a c t  t h a t  microscopic c a v i t i e s  a r i s e  from a trapped a i r  bubble of 
microscopic s i z e  and t h e  l a t t e r  or ig ina tes  from dissolved a i r  in  t h e  solu- 
t i o n  suggests a ne* technique of so lu t ion  c r y s t a l  growth: c r y s t a l  growth 
under vacuum conditions. Since i n  t h i s  condition most of the  dissolved a i r  
i n  a so lu t ion  is  removed, only a very small  number of cav i t i e s  should appear 
i n  t h e  r e su l t i ng  c r y s t a l  even i n  the  case of a high r a t e  of growth. Thus 
t h i s  technique should be usefu l  f o r  doping. It is noted t h a t  while doping 
concentration increases  with increasing growth r a t e  of a c r y s t a l ,  a high 
growth r a t e  inevi tably induces c a v i t i e s  from the  dissolved a i r  under atmos- 
pheric pressure.  In  t h e  case of growth under vacuum conditions,  however, 
one should be ab le  t o  obtain a high doping concentration by growing t h e  
c r y s t a l  a t  a high r a t e  without inducing many c a v i t i e s  i n  the  c rys t a l .  This 
was foilnd t o  be the  case. 
3.4-2 L-Alanine Doped Triglycine Sulphate 
One of the  best  candidates for  t h i s  examination is  L-alanine doped 
9 t r i g lyc ine  sulphate. It is known t h a t  t h i s  c r y s t a l  can be an extremely 
gooA infrared de tec tor  mater ial ,  i f  a high doping is achieved and the  doping 
concentrat ion i s  control led.  
Figure 30 shows t h e  apparatus used f o r  t h i s  experiment. A so lu t ion  
which contains 11.4 grams of t r i g lyc ine  sulphate,  4 grams of L-alanine, and 
20 grams of d i s t i l l e d  water was introduced i n t o  the  glassware and a seed 
c r y s t a l  was added. The glassware was then t ransferred i n t o  a temperature 
bath a t  40°C, and 2 grams more d i s t i l l e d  water was added. Then the  glass- 
ware vas capped and connected t o  a vacuum system and the  water i n  the  
Figure  30. Vacuum Growth Apparatus. 
Glass growth v i a l s  supported on a P l e x i g l a s  s t and  
were used i n  t h e  vacuum growth experiments. The i n s i d e  
of t h e  v i a l s  could be b r i g h t l y  lit f o r  observing tgnvec- 
t i o n  c u r r e n t s  i n  t h e  growth s o l u t i o n .  The P l e x i g l a s  s t and  
had many h o l e s  d r i l l e d  i n  t h e  top and bottom support  p l a t e s  
t o  a l low r a p i d  c i r c u l a t i o n  of water i n  t h e  temperature 
bath.  

so lu t ion  was evaporated u n t i l  t h e  volume of t he  so lu t ion  decreased by 2 cc. 
Afterwards the  rubber tubing was clamped and the vacuum system was 
disconnected. 
This process removed most of the  dissolved a i r  in t h e  eolut ion.  Now 
the  co lu t ion  was ready f o r  c r y s t a l  growing. After  six hours of a preliminary 
slow growth period, temperaturc of t h e  bath was cooled a s  rap id ly  a s  poss ib le  
by c i r cu l a t ing  cold water. Then the  c r y s t a l  s t a r t e d  t o  grow a t  a r a t e  a s  
f a s t  a s  10 mmlday. After 20 hours of growth the c r y s t a l  was removed and 
examined. 
A microscopic examination was performed and i t  was found t h a t  t he  c r y s t a l  
contains only a small amount of cav i t i e s ,  both empty and solution-holding 
types, desp i te  t h i s  high growth r a t e .  An amino acid ana lys is  by D r .  Hardman, 
Biochemistry Department of The University of Alabiuoa, indicated t h a t  the 
c r y s ~ a l  contained between 2% and 4% L-alanine. It is  noted t h a t  t he  high- 
e s t  previously reported concent ca t ion  is 2%. 10 
3.4-3 Conclusions 
X new technique, c r y s t a l  growth under vacuum, was establ ished a t  l e a s t  
i n  pr inciple .  This technique, when applied to L-alanine doped t r i g l y c i n e  
sulphate,  achieved doping of between 2% and 4% which should be compared t o  
t he  highest reported value of 2%. 
3.5 Preliminary Study on Suppression of Convection by an Inhomogeneous 
Msgnetic Field 
3.5-1 Significance of t he  Study 
In  t h e  case of so lu t ion  c r y s t a l  growth, it  has baen shown t h a t  convection 
8 degrades qua l i ty  of the resu l t ing  c r y s t a l ,  a s  described already i n  t h i s  
repor t .  Of  course, convection important f o r  c r y s t a l  growth cap be most 
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e f f ec t i ve ly  reduced i n  t ha  zero-gravi ta t ion environment such a s  t h a t  which 
e x i s t s  i n  a spacecraf t .  BLC ause of the  high cos t  of operat ion,  however, use 
of a spacecraf t  f o r  c r y s t a l  growth, i n  p a r t i c u l a r  t ha t  f o r  i n d u s t r i a l  produc- 
t i ons  of c r y s t a l s  of p r ac t i ca l  values ,  can be permitted only when no o ther  
means has been shown to suppress convection e f f ec t i ve ly .  Thus e f f o r t  should 
be made t o  serach f o r  a means which suppresses convection i n  t h e  environment 
of t h e  ea r th ' s  surface.  One such means is  suppression by an inhomogeneous 
magnetic f i e l d .  We do not claim t h a t  t h i s  technique suppresses convection 
over a l a rge  voSuem of solut ion,  even i f  t h i o  technique is shown t o  be effec-  
t i ve .  We have good supporting reasons, however, t ha t  t h i s  technique can 
work a t  l e ad t  over a small volume, say a few cubic mil l imeters ,  without any 
sophis t ica t ion  i n  its appl icat ion.  
3.5-2 P r inc ip l e  
It is wll known t h a t  an inhomogeneous magnetic f i e l d  exe r t s  t h e  
following force  on a u n i t  volume of any n a t e r i a l :  
where 
x = magnetic s u s c e p t i b i l i t y ,  
H = magnetic f l e l d ,  
- dH = magnetic f i e l d  gradient (inhomogeneity) 
dX along t h e  x d i r ec t i on .  
The g rav i t a t i ona l  a t t r a c t i o n  per un i t  volume is given by 
f - PO, g 
where 
p dens i ty ,  
g = g r a v i t a t i o n a l  a c c e l e r a t i o n .  
Thus i f  
f = fm, 
t h e  g r a v i t a t i o n a l  f o r c e  i s  counterbalanced by t h e  magnetic fo rce ,  and hence 
convection i n  t h e  m a t e r i a l  w i l l  be suppressed.  Th is  is t h e  b a s i c  p r i n c i p l e  
of t h e  proposed technique.  
If is important t o  no te  - dH t h e  magnetic f i e l d  inhomogeneity, i n  dx' 
d 1% 
Eq. (1).  One s e e s  t h a t  a uniform magnetic f i e l d  f o r  which - = 0 w i l l  no t  dx 
suppress  convection,  This is one of t h e  p o s s i b l e  reasons  f o r  t h e  f a i l u r e  
of m a ~ n e t i c  suppress ion by Gato's  groupfl  Before ~ a t o ' s  experiment, a 
European s c i e n t i s t  claimed a success fu l  suppress ion by a uniform magnetic 
f i e ld .12  The r e s u l t  of Gato's  experiment d i s a g r e e s  wi th  t h i s  claim. 
3 .5-3  Supporiing Evidence 
A s a t u r a t e d  s o l u t i o n  of manganese c h l o r i d e  MnC12 has  a r e l a t i v e l y  high 
x because of a paramagnetic n a t u r e  of t h e  manganese i o n  and a high s o l l b i l i t y  
of t h e  chemical. C r y s t a l s  can be grown e a s i l y  from t h e  s a t u r a t e d  s o l u t i o n  
e i t h e r  by slow cool ing o r  a slow evaporat ion method. 
A small volume of t h i s  s o l u t i o n  was in t roduced i n t o  a polyethylene 
sack,  which was then sea led .  It was demonstrated t h a t  t h e  g r a v i t a t i o n a l  
p u l l  on t h e  sack could be overcome by an a t t r a c t i v e  f o r c e  a t  t h e  edge of 
some l a r g e  i r o n  pole  p ieces  where t h e  magnetic f i e l d  g rad ien t  was t h e  g rea t -  
e s t .  The sack f e l l  when t h e  magnetic f i e l d  decreased t o  3000 gauss,  which 
may be c a l l e d  t h e  c r i t i c a l  f i e l d  f o r  t h i s  cond i t ion .  I t  is  important t o  
dH 
no te  t h a t  a t  an edge of t h e  magnet pole  p iece  - $ 0. The magnetic f i e l d  dx 
i n  t h e  cen te r  region of a magnet i s  f a i r l y  uniform, and hence p r a c t i c a l l y  
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- = 0 In this region, then f is zero as Eq. (1) predicts and there is dx m 
no force to counterbalance gravitational attraction. This was found tr ba 
the case, even when a higher magnetic field was applied for the sack placed 
at the center region of the magnet. 
3.5-4 Expected Magnetic Field 
One may compute empirically the magnetic field required for the 
counterbalancing. For a given magnet, one may assume 
From Eqs. (1) - (3), for this assumption the required magnetic f iel-d is 
given by 
where Hm, xm, and pm are the required magnetic field, magnetic susceptibility, 
and density of a standard material. In tne case of the presently used m e t ,  
the hCl2 solution may be used as a standard material. Table I11 lists H 
for several materials for this magnet. 
TABLE 111. Examples of Required Magnetic Fields (H) 
MATERIAL x (lo-6] P H (gauss) 
Water 
Aluninum 
Copper 
MnC12 solution 500. 
Table $XI ehowr that t h e  counterbalance tan  be ach5eved by a r e l a t i v e l y  low 
w a e t F c  f ie ld  even in  t h e  ca re  of molten metal aluminum f o r  t h i s  magnet 
systm.  It may be in prac t i ce  d i f f i c u l t  t o  counterbalance t h e  sample i n  t h e  
c.se of moltan copper metal. 
The valuar  i n  Table ILL support t h e  soundness of the bas i c  idea  of t h i s  
study. 
X t  i s  noted that  i f  convection in a given l i qu id  is suppresoed, convecti.on 
i n  t h e  vapor of t h e  same material should be ruppressed by a similar magnetic 
field, slate t h e  r a t i o  In Eg. (5) docs not  change d r a s t i c a l l y  from 1iqui.d 
X 
t o  vapor. 
3.5- 5 Conclusioas 
T h i s  p r e l h i n a r y  study has supported t h e  feasibility of suppression of 
ccmvectbn by an inhoarogeneoua magnetic f i e l d .  
3.6 Other Studies  
3.6-1 Nature of Convection Currents 
The following i n v u t i g a t i o n a  were intended t o  obtain f u r t h e r  supporting 
facts f o r  t h e  conclusi.ons given in t h e  precedtng repor t .  8 
In the  previous i w e s t i g a t  ion,  w showed the  co r r e l a t i on  between 
convection cur ren ts  and c r y s t a l  qua l i ty .  We oleo showed t h a t  c o n v e c t i o ~  
cur ren ts  a r i a e  e s sen t i a l l y  from concentration gradients .  However, ve had 
rrpt completely removed the  p o s s i b i l i t y  t h a t  temperature grad ien ts  in solu- 
t ion could cause o r  cont r ibu te  t o  currats  of t h i s  kind. n u s ,  a t  t h e  
beginning of t h i s  work period, experimeats v e t e  done t o  see i f  I temperature 
gradient  a lone could induce caavection i n  a growinq so lu t ion .  
1 1 7  
A solurion of 13.5 grame Rochelle s a l t  d-lved i n  ?& cc water was 
w e d  as the  growth solut ion,  and a smd&, h i g b q u a l i t y  seed of :!qchelle s a l t  
we8 the  grmttb center.  As ahown i n  Fig. 31, &a temperature was raised and 
lovered around Ts. t he  s a tu ra t ton  tercperature f o r  t h i s  s y e t s .  A t  38.3.C. 
which is 0.5' a b c m  Tm, no c o n v e c c l c ~ ~  cur ren ts  were v i s i b l e ;  but a t  37.3 '~,  
O.S°C balm Ta, sevara l  our ren ts  ceuld be seen. Lowering the  temperature t o  
36.2' resul ted i n  s t ronger  currents .  T h b  r e s u l t  has $ten been seen before. 
Next the  temperature was raimed 38.3', where there  was no convection t o  
40.6. and allowed t o  e t ab i l i ze .  I f  it  is t r u e  t h a t  lowering t h e  temperature 
CaU8tS temperature g r d l e n t e  which give r i s e  t o  confection cur ren ts ,  the? 
convection should a l s o  be eeen wkeP the  temperature f a l l u  from 4 0 . 6 ' ~  ro 
38.3.C. 
Furthermore, a s  e m  be seen from Fig. 31 t h i s  2.3.C drop i n  temperaturr 
did not  start up t h e  eanvaction currents .  Ae long eie t he  temperature was 
above TI, no c o n v c t i o n  arrests  were v i e ib l e .  Even a 3' drop i n  temperature 
a u l d  not aake curren ts  appmr  rs long a s  &he tmf'krature was kept above Ts. 
3.6-2 Fer roe lecr r ic  Qual i ty:  S-Value 
The e f f e c t  of convectiah on f r t r a e l e c t r i e  qua l i ty  has a.lready been 
s tudied by o b s e n a t i o n  of t he  ~ 1 a l u c . ~  l h c m t l y ,  D r .  I. Suruki informed 
ur of an unpublished study performe4 i n  Japan on the  f e r r o e l e c t r i c  qua l i ty  
d lo t r ibu t ion  of a t r i g lyc ine  sulphate  c rys t a l .  Altbmgh d e t a i l s  a r e  n o t  
avai lable ,  kheee invemtigrtora seem t o  co r r a l a t e  the  qua l i t y  d i s t r i bu t ion  
with a f ac to r  other  than convection. For t h i ~  reason, an experiment was 
performed i n  order t o  confitQ our previ-e conclusion. 3 
Two c rya t a l e  of pure Roehe118 malt were grown under the  same conditions,  
the  c-axis being held v e r t i c a l  f a r  anc c r y s t a l  and the  a-a- f o r  the  o ther ,  
Figure 31. Convect ion Experiment . 
Temperature versus time for a growing Rochelle salt  
crystal. The notation nc means no convection currents were 
visible during this time, mtd the small c means there 
were currents visible. 
// 
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Convection Experiment 
The bath temperature against time during the  growth experiment is given i n  
Fig. 32. The resul t ing  c rys ta l s  were s l i ced  and fe r roe lec t r i c  hysteresis  
curves of each s l iced  piece were observed, and then the  S-values were com- 
puted. Figure 33 sununarizes the  observed S-values. One f inds  tha t  i n  both 
cases the  S-valce f o r  the  side-bottom piece is greater  than tha t  fo r  the  
center-top piece: Compare 10.2 with 5.8 i n  the  upper figure, and 5.0 with 
4.0 i n  the  lower figure. Thus the  previous conclusion on the e f fec t  of 
convection is supported. One must note, however, tha t  the  difference i n  the  
S-value f o r  the  l a t t e r  is much less than tha t  f o r  the  former. This difference 
in the  two cases should be a t t r ibuted  t o  the  anisotropic nature of the 
crystal .  That is, the  S-value of a sample could possibly be a function of 
the  d i rec t ion  along which the  e l e c t r i c  f i e l d  was applied. Thus one may 
deduce the  pure ef fec t  of convection by taking an average 
f o r  the  present case. Similar13 the  pure anisotropic e f fec t  may be given by 
Thus the  ef fec t  of convection seems greater  than the  anisotropic e f fec t  f o r  
the  present growth condition. Of course, ? t  is possible tha t  the  e f fec t  of 
anisotropy can be greater  than the  e f fec t  of convection depending on growth 
conditions. However, there is no doubt about the  degradation e f fec t  of con- 
vection on fe r roe lec t r i c  quality. 
3.6-3 Conclusions 
The poss ib i l i ty  tha t  temperature gradients i n  a solut ion induce convectio3 
currents  was excluded. Thus t h i s  r e su l t  further  supported one of the 
Figure 32, Cooling Curve for Experiment AlTGS #3. 

Figure 33. S-Values for Crystal AiTGS $3. 

previous conclusions t h a t  t h e  convection cur ren ts  e s s e n t i a l l y  a r i s e  from 
concentration gradients .  
The e f f e c t  of convection on f e r r o e l e c t r i c  qua l i t y  was shown t o  be 
g rea t e r  than t h e  e f f e c t  of c r y s t a l  anisotropy on t h e  qua l i ty .  Thus t h i s  
r e s u l t  a l s o  confirmed another previous conclusion t h a t  convection degrades 
f e r r o e l e c t r i c  qua l i ty .  
3.7 Preparat ion Eor F l igh t  Experiments 
3.7-1 Preparat ion of Samples 
The Rochelle s a l t  chemical used was supplied by J. T. Baker Chemical 
Company. Large seed c r y s t a l s  were prepared f o r  t h i s  experiment. Some of 
them were grown by a slow evaporation technique, and t h e  o thers  by a slow 
cooling technique. I n  t h e  case of t he  slow evaporation technique, 100 grams 
of d i s t i l l e d  water was added t o  12') grams of Rochelle s a l t  i n  a 500 cc  beaker 
and t h e  mixture was heated t o  about 70°C u n t i l  t h e  Rochelle s a l t  dissolved 
completely, and then t h e  beaker was removed from t h e  heat ing device,  After  
the  so lu t ion  cooled t o  room temperature, a small seed c r y s t a l  was placed a t  
t he  bottom of t h e  beaker, and t h e  c r y s t a l  was allowed t o  grow a t  room tempera- 
t u r e  over a period of 3-7 days. I n  t h e  case of t h e  slow cooling technique, 
100 grams of d i s t i l l e d  water was added t o  130 grams of Rochelle s a l t  i n  a 
500 cc beaker, and the  mixture was heated t o  about 7P°C, u n t i l  t he  Rochelle 
s a l t  dissolved completely. Then the  beaker was t ransfer red  i n t o  a tempera- 
t u r e  bath a t  38O~,  and a seed c r y s t a l  was placed a t  t h e  bot toa of t h e  beaker. 
The c r y s t a l  was allowed t o  grow by lowering t h e  bath temperature slowly t o  
room temperature over a period of about t h r ee  days. 
Granular Rochelle s a l t  used f o r  t h i s  experiment was prepared by the  
f o l l w i n g  method. 100 grarns of d i s t i l l e d  water was added t o  200 grams of 
Rochelle s a l t ,  and the  mixture was heated t o  70°c f a r  about 30 minutes u n t i l  
t he  Rochelle s a l t  dissolved canpletely.  Then the  so lu t ion  was al loved t o  
cool t o  room temperature, and 24 houre afterwards t h e  c r y s t a l l i z e d  mater ia l  
was separated from t h e  so lu t ion  and dr ied over f i l t e r  papers f o r  24 hours st 
room temperature. 
The sa tura ted  so lu t ion  used was prepared by the  following method. 200 
grams of d i s t i l l e d  water was added t o  240 grams of Rochelle s a l t ,  and t h e  
mixture was heated u n t i l  t h e  Rochelle s a l t  dissolved completely. The r e s u l t i n g  
so lu t ion  was cooled t o  room temperature before  being used f o r  t h e  experiment. 
3.7-2 Simulation Experiment 
A th ree  ga l lon  metal  can about 314 f i l l e d  with water was heated on an 
e l e c t r i c  hot p la te .  The power output of t h e  hot  p l a t e  was adjusted s o  t h a t  
t h e  temperature of t h e  water i n  t h e  metal can increased a t  a r a t e  which is 
very s imi l a r  t o  t he  r a t e  f o r  a Skylab heating-serving t r a y  (see Fig, 34). 
A seed c r y s t a l  and granular Rochelle s a l t ,  t h e i r  combined weight being 
30 grams, were placed i n  a 500 c c  beaker, and then some of t h e  sa tura ted  
so lu t ion  of Rochelle s a l t  which was prepared e a r l i e r  was added u n t i l  t he  
t o t a l  volume of t he  mater ia l s  became 200 cc,  t h a t  is, approximately the  
t o t a l  volume of a Skylab food can. The beaker with t h i s  mixture of granular  
Rochelle s a l t ,  sa tura ted  so lu t ion  and seed c r y s t a l  was then placed i n  the  
above-mentioned metal can, and a simulation experiment was performed. 
Figure 34 p l o t s  the  temperature of t h e  so lu t ion  i n  t he  metal food can 
aga ins t  ;he  f o r  one of t he  simulation experiments. It was shown t h a t  40 
minutes a f t e r  t h e  hea te r  was turned on, t h e  grar Zar Rochelle s a l t  dissolved 
completely, but a por t ion  of the  seed c r y s t a l  remained undissolved (see Fig.  34). 
ligrtxe 34. SiaJlation of Skylab Heatin8 Experiwnt .  
The so l id  curve with the  t r i angu la r  po in ts  represen ts  
a temperature-time p l o t  f o r  t h e  food product i n  a Skylab 
heating-serving t ray .  The so lu t ion  mixture was 200 cc  in 
volume and contained a seed Rochelle s a l t  c r y s t a l  of 5 grams 
and 25 grams of granular  Rochelle s a l t  so lu t i on  sa tura ted  
a t  25.C. The v e r t i c a l  arrow ind ica tes  t h e  time a t  which 
t h e  granular Rochelle s a l t  dissolved completely. 
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This r e s u l t  was confirmed by severa l  experiments. Thus i t  was suggested 
t ha t  t he  optimum heating time be 40 minutes. 
The so lu t ion ,  when cooled t o  room temperature and allowed t o  p r e c i p i t a t e  
f o r  48 hours, produced many small  c r y s t a l s  of s i z e  5 x 5 x 5 mm. Most of 
these  c r y s t a l s  showed v i s i b l e  defec ts ,  Thus it w i l l  be i n t e r e s t i n g  t o  
determine i f  c r y s t a l s  grown i n  t h e  zero-gravitation environment under s i m i -  
l a r  condi t ions a r e  g rea t e r  than 5 x 5 x 5 m, and i f  these c r y s t a l s  a l s o  
ha\-e v i s i b l e  defects .  
One important r e s u l t  was obtained acc identa l ly .  It was found t h a t  
untreated powdered Rochelle s a l t  was very d i f f i c u l t  t a  disso lve  even a t  
6 5 O C :  t h e  powder remained undissolved even a f t e r  t h r ee  hours of heating, 
while an hour of heat ing a t  t hLs  temperature complciely dissolved a l a r g e  
seed c rys t a l .  Thus it was important not  t o  use untreated powder Rochelle 
s a l t  f o r  Skylab e-xperiments. 
3 . 8  Sunrmary and Conclusions 
An inves t iga t ion  was performed t o  i den t i fy  t he  f ac to r  which determines 
the  dopant concentration of a c r y s t a l ,  The f a c t o r  was found t o  be the  growth 
r a t e :  The concentrat!.on of t he  doping copper ion i? Rochelle s a l t  increased 
with increasing r a t e  of c r y s t a l  growth, while no doping occurred i n  t he  
l i m i t  cf an extremely slow growth r a t e .  
A microscopic study was performed i n  order  t o  gain an ins igh t  i n t o  the  
2a ture  of the degradation e f f e c t  of convection. I t  was found t h a t  i n  general  
a c r y s t a l  has many microscopic defec ts ,  even though the  c r y s t a l  appears per- 
f e c t  t o  t he  unaided eye. It was a l s o  found t h a t  these microscopic de fec t s  
can be c l a s s i f i e d  i n t o  two groups: r e l a t i v e l y  l a rge  empty c a v i t i e s  and 
r e l a t i v e l y  m u l l  c a v i t i e s  containing solut ion.  Morewar i t  was found t h a t  
convection lnc re r r e r  the r e l a t i v e  nutuber of t h e  rolutton-holding c a v i t i e r  
compered t o  thc empty c a v t t i e r  in a c rys t a l .  It is expected tha t  t he  aolu- 
t i on  in the  c a v i t i e s  absorbs electromagnetic energy and hence ancrereeo t h e  
AC conductivity of t h e  crys.al. Thus t h i s  r e s u l t  suggested t he  na ture  of t h e  
degradation of f e r r o e l e c t r i c  qua l i t y  by convection. F ina l ly  8- m i d t n c e  
indicated t h a t  t he  cav i t i e s ,  both empty and solution--.olding ones, o r ig ina t e  
from dissolved a i r  i n  t he  so1ution. 
The above-mentioned r e s u l t s  suggested a usefu l  technique of c r y s t a l  
growth i n  solut ions.  A aolu t ion  under vacuum should contain only a very 
spa11 amount of diosolved a i r ,  i f  not be completely f r e e  of i t ,  Thus t he  
concentration of both types of  c a v i t i e s  i n  t he  r e su l t i ng  c r y s t a l  m u l d  be 
very low, even f o r  a high r a t e  of grovth. Accordingly one should be ab l e  
t o  achieve h igh  doping under vacuum by increasing the  growth r a t e  t o  such 
an extent  t h a t  many c a v i t i e s  would be produced i f  grovn under atmospheric 
pressure.  Thir was found t o  be t h e  case,  In  a study oZ L-alanine-doped tri- 
glycine sulphate  grovn under vacuum conditions,  doping concentrat ions of 
between 2 and 4% were achieved consistent1.y. Moreover the  doping concentra- 
t i o n  was e a s i l y  control led by cont ro l l ing  the g r w t h  r a t e .  It is noted t h a t  
the  higheot previously reported dopant concentration is  about 22. 10.13 
Rec?nrlv pyroe lec t r ic  infrared de tec tors  using t r i g l y c i n e  sulphate  have 
begun t o  o f f e r  advantages over some of t h e  older  de tec tors  such as thenno- 
9 pl leo ,  bolometero, and Golay c e l l s .  For example, there  de t ec t c r s  e f f e c t i v e l y  
perform over a wide range of electromagnetic rad ia t ions  from v i g i b l e  t o  millr- 
meter wavelength. One of t he  oer ious disadvantages of these  de t ec to r s  is 
the  l i f e  time is te la tLvely  shor t .  Verq ~ e c e n t l y ,  B r i t i ~ h  workers have 
shown t h a t  doping with L-alaaine c a n  help t h i s  problem. Thus, development 
of t he  c t y n t ~ l  growth technique has become vary important i n  order  t o  ob ta in  
a high dopant conccntratfon cons is ten t ly  . The tecimique of c r y s t a l  growth 
under vacuum developed d u r i n ~  the c u r r a t  p ro jec t  has shown t o  be usefu l  f o r  
0 
t h in  purpose, as already described. It is r o t e 4  t ha t  one of t h e  most impor- 
tant aim8 of t he  cu r r en t  p ro jec t  was, If possible ,  t o  apply t h e  obtained 
r r s u l t r  t o  inprove q u a l i t i e s  of c r y s t a l s  with s c i e n t i f i c  and i n d u s t r i a l  
Preliminary work on suppresoion of cotwection by ap inhomogeneous 
-tic f i e l d  was a l s o  done during the  current  p ro jec t .  F ina l ly ,  some 
inver t iaa t ionn  were conducted i n  order t o  fu r the r  support t he  previcp~s con- 
! 
elusions: convec t im dr~rrrdes f e r r e c l e c t r i c  qua l i ty .  
Section 4, Skylab Experiment - Preparation, Observation 
and Analysfs (Third and Fourth Years' Work) 
4.1 Introduction 
4.1-1 A i m  of Study 
This project  w a s  intended t o  study growth from so lu t ions  a s  one of the  
programs f o r  "Space Processing Applications". The work during t h e  previous 
contract periods has shown t h a t  s t rong convection i n  the  growth so lu t ion  
8 produces defects  in the  resu l t ing  c rys ta l .  The e s s e n t i a l  na ture  of these 
defects was  c l a r i f i e d  and several  f ac to r s  which a f f e c t  c r y s t a l  qua l i t y  were 
ident i f ied  . 14 
The most important r e s u l t  of t he  current  project  w a s  t he  study of t h e  
c rys t a l  grown on Skylab-4 using t h e  techniques of ana lys is  developed i n  t he  
previous contract periods. 
The current invest igat ion was concerned mostly with ana lys is  of t he  
Rochelle s a l t  c r y s t a l  returned from Skylab-4. This c r y s t a l  was grown i n  a 
near zero-gravity environment, and offered t h e  f i r s t  opportunity t o  experi- 
mentally examine the  e f f e c t  t h a t  t he  absence of grav i ty  would have on 
solution c rys t a l  growth. 
Concurrent with t h i s  invest igat ion,  an attempt was made t o  fu r the r  
understand the  basic  mechanism,. of so lu t ion  c r y s t a l  growth. Techniques f o r  
observing the  growth process, i n  par t icu lar  convection cur ren ts  around the  
growing crys ta l ,  were investigated. In  order t o  understand what is happening 
a t  the surface of a growing c rys t a l ,  i t  is necessary t o  be ab le  t o  observe 
the changing surface of the c r y s t a l  and the  so lu t ion  flow i n  the  v i c i n i t y  
very accurately. 
Another aim of the inves t iga t ion  is  t o  continue t o  search f o r  ways t z  
improve t h e  qua l i t y  of c r y s t a l s  grown from so lu t ions ,  both i% zero-gravity 
environments and i n  ground-based experiments. 
In  order t o  meet t h e  aims of t h i s  invest igat ion,  t he  following s tud ie s  
were made: The c r y s t a l  returned from Skylab-4 was ca re fu l ly  but thoroughly 
examined using a l l  the  techniques developed i n  t h e  f i r s t  two years of t h l s  
contract  period. The techniques developed e a r l i e r  f o r  inducing high doping 
concentrations i n  so lu t ion  grown c r y s t a l s  were applied t o  t h e  case of tri- 
glycine aulpnate doped with L-alanine. Studies of convection cur ren ts  i n  t h e  
growth so lu t ion  were made with the  help of a new i l luminat ion technique. 
Theoret ical  s tud ie s  of t he  shape of f e r r o e l e c t r i c  hys t e re s i s  curves and t h e  
degrading e f f e c t  t h a t  defec ts  i n  t h e  c r y s t a l  would have were a l so  made. 
4.1-2 Scope of Work 
The ana lys is  of the  c r y s t a l  returned from Skylab-4 was accomplished 
14 
with t h e  techniques develo2ed i n  e a r l i e r  report ing periods. The na ture  of 
t he  defec ts  present and t h e i r  degradicg e f f e c t  on f e r r o e l e c t r i c  hys t e re s i s  
was studied. Ways of improving c r y s t a l  qua l i ty  i n  fu tu re  zero-gravity experi- 
ment s were suggested . 
Techniques f o r  increasing both c r y s t a l  qua l i t y  and the  amount of 
L-alanine dopant i n  c r y s t a l s  of t r i g lyc ine  sulphate  were invest igated.  The 
r e s u l t s  of previous inves t iga t ions  were successful ly  applied t o  t h i s  system 
which could make a po ten t i a l l y  exce l len t  in f ra red  de tec tor .  
Theoretical s tud ie s  of t he  shape of observed f e r r o e l e c t r i c  hys t e re s i s  
curves were made. It was attempted t o  quant i ta t ive ly  descr ibe t h e  degrading 
e f f e c t  t h a t  microscopic voids,  one common type of defec t ,  have on ferroelec-  
t r i c  hysteresis .  
The continuing e f f o r t  t o  understand the  basic ,chaniems of solut ion 
c rys ta l  growth has resulted in a great ly improved method of observing con- 
vection currents i n  the  growth solution; l a se r  il lumination of the  growth 
c e l l  makes it much eas ier  t o  see the  flow of solut ion i n  the  v ic in i ty  of a 
growing crystal .  
4.2 Growth of Rockelle Sa l t  on Skylab-4 
The e f fec t s  of convection on c rys ta l  growth have been ac t ive ly  studied 
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by many workers, especially f o r  the  case of metal c rys ta ls .  Some e f f o r t  
has a lso  been made by our group a t  UnT t o  understand the  e f fec t  of convection 
8 
in solut ion c rys ta l  growth. Our group has found tha t  convection degrades 
the  qual i ty  of the  resul t ing  crys ta l .  Thus w e  s ~ g g e s t e d  tha t  i f  a c rys ta l  
were grown from solut ion placed ir: a zero-gravity environment the  qual i ty  of 
the  resul t ing  c rys ta l  should be extermely high. For t h i s  reason a crys ta l  
of Rochelle s a l t  was ac tual ly  grown on Skylab-4 and the  qual i ty  of the  recov- 
ered c rys ta l  w s s  investi2ated. The code number of t h i s  experiment is T'g-105, 
and Astronaut Col. Pogue performed it. Rochelle s a l t  was a par t icular ly  
in teres t ing  research material because of i ts  f e r r e l e c t r i c i t y .  16 
4.2-1 Ground-based Preparation 
Details of the ground-based preparations nre given elsewhere. l4 The 
Rochelle s a l t  chemical used was supplied by J ,  T. Baker C5emical Company. 
The large seed crys ta ls  for  t h i s  experiment were grown bv slow cooling 
techniques. Granular Rochelle s a l t  used f o r  t h i s  cjrperiment was prepared by 
s l o T ~ l y  cooling a saturat-d solut ion and afterwards was dried over f i l t e r  
papers. The solution used fo r  the experiment was ~ a t u r a t e d  a t  25°C. 
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A seed c r y s t a l  and granular  Rochelle s a l t ,  t h e i r  combined weight being 
30 g ram,  were placed i n  a Skylab food can and f i l l e d  with sa tura ted  solu- 
t ion .  This food can was heated under conditions s imi la r  t o  those found i n  
a Skylab food tray. It was determined t h a t  40 minutes a f t e r  t h e  hea ter  w a s  
turned on, t he  granular Rochelle salt dissolved completely, bu t  a port ion of 
t h e  seed c r y s t a l  remained undissolved. Thus it was suggested t h a t  t h e  opt i -  
mum heat ing time w a s  40 minutes. 
The material ac tua l ly  supplied f o r  t h e  f l i g h t  experiment is a s  follows: 
seed 21.6 grams 
granular Rochelle salt 8.4 grams 
Sum 30.0 grams, 
and same Rochelle s a l t  so lu t ion  sa tura ted  a t  25'C. 
4.2-2 Summary of t h e  F l ight  Experiment 
The sealed food can with Rochelle s a l t  mixture supplied was heated t o  
about 65OC f o r  about 40 minutes i n  one of t h e  u n i t s  of the  food t r ay ,  then 
slowly cooled t o  ambient cabin temperatures. We estlmate t he  cooling pro- 
cess  took 5-10 hours, and the  i n i t i a l  growth period was about 48 hours. 
Af te r  approximately 30 more days of growth time the  can w a s  opened and the  
r e su l t i ng  so l id  mater ia l  was recovered. 
The following list of mater ia l s  was  returned t o  the P I  a t  UAT: 
1. Film S e r i a l  SL4-520, Title-Skylab-4 
DAY004, TV-105 
2. TV-105 Color P r i n t s  
SL4-14604894 through 4896 and 
SL-148-5018 through 5020 
3 .  35 nrm s l ides ,  H-02547-H 
4. Voice record MC1706, MC1787-1, and MC1787-2 
5 .  Rochelle sa l t  c rys ta l  and wipes used t o  dry i t  a f t e r  recovery. 
The 16 mn f i lm c l i p  shows Col. Pogue beginning t o  heat the  food can 
containing Rochelle s a l t  and saturated solution. The color p r i n t s  and the  
35 ma s l ides  show the  food can during the  experiment and the  Rochelle s a l t  
c rys ta l  tha t  was recovered. 
4.2-3 Observations 
A. Recovered Crystal - The recovered so l id  consists  of three r e l a t ive ly  
la rge  crys ta ls  whose weights a r e  
the  la rges t ,  Skylab I 8.73  grams 
medium, Skylab I1 2.82 grams 
the  smallest,  Skylab I11 0.52 grams. 
In  addition, 16 s m a l l  c rys ta ls  each of which is 2 mm on a s ide  o r  less were 
obtained. Thus, the  t o t a l  weight is  about 1 2  grams which is l e s s  than the  
expected weight of 30 grams. One possible explanation f o r  t h i s  small amount 
of recovered product is tha t  because of the  lack of convection currents  the  
dissolved Rochelle s a l t  molecules reached the  surface of the  growing c rys ta l  
very slowly, since the  only transport process was diffusion.  Thus, even 
a f t e r  30 days of growth time, the  solut ion was still supersaturated. Sup- 
porting evidence fo r  t h i s  explanation is the "slush" or  "ice cream s a l t "  
the  astronaut reported when he opened the  food can t o  recover the  crys ta l .  
This shows tha t  the  solution was s t i l l  supersaturated when it was opened. 
We prefer t h i s  explanation t o  the  following two explanations previously given 
i n  the Qilick-look Report ; t ha t  is, considerably high cabin temperature, and 
acc identa l  cooling of t he  Rochelle salt so lu t ion  during t ranspor ta t ion .  
Later evidence showed both these  explanations t o  be improbable. 
The c r y s t a l  o r ig ina l ly  prec ip i ta ted  i n  t he  cabin is believed t o  be one 
s ing le  c rys t a l ,  a s  was confirmed by photographs taken on board which became 
ava i lab le  t o  t h e  P I  a f t e r  t he  Quick-look Report was submitted. Figure 35 
shows the  th ree  c r y s t a l s  Skylab 1-111 assembled i n t o  one l a rge  c r y s t a l .  Thus, 
most of t he  other small c rys t a l s ,  i f  not a l l  of them, probably appeared when 
the  b ig  c r y s t a l  was broken. The breaking of t h e  l a rge  c r y s t a l  probably 
occurred during re-entry o r  splash-down of t h e  module. 
The c r y s t a l  grown on board Skylab-4 is ac tua l ly  a co l l ec t ion  of a t  l e a s t  
f i v e  s i n g l e  c rys t a l s  (see Fig. 36 and Fig. 37). One very unusual thing about 
t h i s  co l lec t ion  of c r y s t a l s  is t h a t  t he  a,  b, and c c r y s t a l  axes 02 a l l  t h e  
component c r y s t a l s  a r e  p a r a l l e l  o r  very nearly p ~ r a l l e l  t o  each other .  The 
c r y s t a l  axes a r e  i den t i f i ed  i n  Fig. 37A and 37B. 
B. Macroscopic and Microscopic Defects - Most of t he  c r y s t a l  has many 
defec ts  and is not good op t i ca l ly ,  but some p a r t s  of the c r y s t a l  a r e  almost 
completely f r e e  of defec ts  and appear extremely good opt ica l ly .  
Figure 38 shows microscope photographs of Skylab I1 and an earth-grown 
c r y s t a l  f o r  comparison. One can see  t h a t  t he  c a v i t i e s  i n  t h e  Skylab I1 
c r y s t a l  a r e  highly regular  compared t o  those i n  t he  earth-grown c rys t a l .  A 
t yp i ca l  length f o r  a cavi ty i n  t he  Skylab I1 c r y s t a l  was found t o  be 4 mm. 
The cav i t i e s  shown i n  Fig. 38 have t h e i r  long axes i n  the  d i r ec t ion  of the  
c-crystal  axis .  Almost a l l  t he  defec ts  i n  t he  c rys t a l s  returned from 
Skylab-4 a r e  small-diameter tubes elongated i n  t h i s  way. Such an extremely 
small diameter-to-length r a t i o  is r a re ly  found f o r  c a v i t i e s  i n  earth-grown 
c rys t a l s .  
Figure 35. Photograph of the TV 105 Crystal. 
The upper photograph shows the three largest crystals 
of TV-105. The lower photograph shows the same crystals 
assembled into one body. 

Figure 36. Photograph of the Second Largest Crystal, Skylab 11. 
The c-axis, which is the fastest  growth direction, 
is approximately perpendicular to the photograph plane. 

Figure 37. Illuotrations of the Photographs. 
(A) for the lower photograph in Fig. 33. (B) for 
the photograph in Fig. 36. BoCh illustrations show that 
the crystal consists of several single crystals; the 
crystal axes are also shown. 
F i g u r e  3 7 ( A )  

Figure 38. Microscope Photographs. 
The lows= photograph i s  from the Skylab I1 c r y s t a l .  
The upper cne is from 9h ~a*i,-srown c r y s t a l .  The magni- 
f i e a t i o n  is approxhately  125. 
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C. S-value f o r  t h e  Bulk C r y s t a l  - The c r y s t a l  r e tu rned  from Skylab-4 
was found t o  be mechanically very f r a g i l e .  Thus i t  was concluded t h a t  
s l i c i n g  it by any c u r r e n t l y  a v a i l a b l e  technique would probably r u i n  t h i s  
precious c r y s t a l .  For t h i s  reason we attempted t o  observe t h e  pre l iminary 
h y s t e r e s i s  curve of t h i s  sample without s l i c i n g  it. 
Several  s e t s  of e l e c t r o d e s  were const ructed and t e s t e d  on earth-grown 
c r y s t a l s  of t h e  same s i z e  and t h e  most s a t i s f a c t o r y  r e s u l t s  were obta ined 
from t h e  system shown i n  Fig. 39. Because of t h e  h i g ? ~  vo l tages  necessary  
f o r  t h i s  th ickness  (0.5 cm) of c r y s t a l ,  some of t h e  c i r c u i t  parameters i n  
t h e  o r i g i n a l  capaci tance b r idge  were a l s o  changed ( see  s e c t i o n  2.1-3). 
The h y s t e r e s i s  curve f o r  TV-105 is  given i n  t h e  lower photograph of 
Fig.  40. The h y s t z e s i s  curve f o r  hn earth-grown c r y s t a l  of about t h e  same 
s i z e  and th ickness  is shown i n  t h e  upper photograph of Fig. 43, f o r  compari- 
son. The S-value was ca lcu la ted  from t h e s e  curves  t o  be  2.69 f o r  t h e  
earth-grown c r y s t a l  and 1.36 f o r  t h e  Skylab c r y s t a l .  
The S-value, which has  been def ined i s  one f a c t o r  which 
c h a r a c t e r i z e s  f e r r o e l e c t r i c  q u a l i t y .  High S-values u s u a l l y  i n d i c a t e  uniform 
domain s t r u c t u r e  and hence b e t t e r  f e r r o e l e c t r i c  q u a l i t i e s .  The low S-value 
obsemed f o r  t h e  Skylab c r y s t a l  seems t o  i n d i c a t e  "poor" f e r r o e l e c t r i c  
qua l i ty .  However, we b e l i e v e  t h a t  t h i s  conclusion i s  premature f o r  t h e  f o l -  
lowing reason; we used t h e  bulk c r y s t a l  f o r  t h e  h y s t e r e s i s  measurement and 
it has many empty microscopic c a v i t i e s  a s  i s  shown i n  Fig. 38. It is probable 
t h a t  even i f  t h e  domain s t r u c t u r e  s e r e  uniform, t h e  presence of many micro- 
scopic  c a v i t i e s  would lower t h e  S-,val.~e, as w i l l  be explained i n  p a r t  4.5 
of t h i s  r epor t .  
Figure 39. System for  Hysteresis Observation. 
The crystal  is held i n  place on the thermometer bulb 
with modeling clay. The wire electrodes are attached t o  
the crystal  surface by conductive s i l v e r  paint. 

Figure 40. Hysteresis Curves. 
The upper curve is from a large good-quality earth- 
grown crystal. The lower one is from Skylab Crystal 11. 
1 
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D. S-value f o r  a Chip - The apparatus  used f o r  measuring t h e  S-value 
of t h e  Skylab bulk c r y s t a l  is given i n  p a r t  C of t h i s  s e c t i o n .  A smal l  c h i p  
from Skylab C r y s t a l  I was a l s o  used t o  measure t h e  h y s t e r e s i s  of a p a r t  of 
t h e  c r y s t a l .  The chip was broken from t h e  l a r g e r  c r y s t a l  sometime before  it  
was re turned t o  our lab .  The o r i e n t a t i o n  of i t s  a a x i s ,  which must be 
determined i n  o rder  t o  observe t h e  h y s t e r e s i s  curve of t h e  sample, was appar- 
e n t  from t h e  way t h e  ch ip  f i t  back i n t o  t h e  l a r g e  c r y s t a l .  
The h y s t e r e s i s  curve f o r  t h e  chip  is  shown i n  Fig.  41. The S-value 
ca lcu la ted  from t h i s  curve is 2.44. This number is l a r g e r  than 1.36 which 
is  t h e  S-value repor ted f o r  t h e  bulk Skylab sample. Microscopic examination 
of t h e  chip  showed t h e r e  were fewer c a v i t i e s  per  u n i t  volume than i n  t h e  
bulk  sample. This i s  i n  agreement wi th  our previous  r e s u l t  t h a t  t h e  S-value 
of a sample conta ining many c a v i t i e s  would appear t o  be  low, even i f  t h e  
q u a l i t y  of t h e  sample is  e x c e l l e n t .  
E. Hysteres is  from a S l iced  Sample - Since t h e  c r y s t a l  recovered from 
Skylab-4 was s o  f r a g i l e ,  i t  was necessary t o  develop s p e c i a l  s l i c i n g  
techniques i n  order  t o  g e t  a sample whose f e r r o e l e c t r i c  h y s t e r e s i s  curve can 
be measured. Many techniques  were inves t iga ted  us ing  f r a g i l e  earth-grown 
c r y s t a l s  and it was decided t h a t  t h e  most e f f i c i e n t  method was t o  use  a 
water-impregauted co t ton  s t r i n g  t o  c u t  t h e  c r y s t a l .  Experience showed t h a t  
some s o r t  of c o n t r o l  over t h e  c u t t i n g  r a t e  was a l s o  necessary.  
It was decided t o  modify an  a l ready  e x i s t i n g  commerical c r y s t a l  saw t o  
use  our wet-s t r ing c u t t i n g  technique. Control  over t h e  c u t t i n g  r a t e  was 
provided by a small  motor on t h e  end of t h e  c u t t i n g  arm. A photograph of 
t h e  modified wet-s t r ing c r y s t a l  saw is shown i n  Fig.  42. With t h i s  technique 
Figure 41. Ferroelectric Hysteresis from the Skylab Crystal. 
Hysteresis curve of a small chip broken from Skylab 
Crystal I .  The S-value calculated from t h i s  curve is 2.46. 

Figure 42. Photograph of the Modified Crystal  Saw. 
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it was poss ib le  t o  s a f e l y  c u t  s l i c e s  a s  t h i n  a s  0.5 mm with  a kerf  l o s s  of 
about 0.5 nun. The optimum c u t t i n g  r a t e  f o r  a very  f r a g i l e  c r y s t a l  of Rochelle 
s a l t  was about 0.5 cm/hr. Rubber cement was used t o  a t t a c h  t h e  c r y s t a l  t o  
t h e  g l a s s  p l a t e  on t h e  c u t t i n g  arm. 
We decided t o  t a k e  advantage of t h e  way i n  which Skylab C r y s t a l  I1 had 
grown t o  c u t  our f i r s t  s l i c e  from t h e  Skylab c r y s t a l ;  t h a t  is ,  t h e r e  was a 
n a t u r a l  p ro jec t ion  on t h e  cnd whose c r y s t a l  axes  could e a s i l y  be determined. 
Figure  43 shows Skylab C r y s t a l  I1 immediately a f t e r  t h e  f i r s t  cu t  was made. 
Figure  44 shows t h e  s l ' c e  r e s u l t i n g  from t h e  f i r s t  c u t  and t h e  arrangement 
of t h e  d e f e c t s  p resen t .  
I n  o rde r  t o  observe t h e  f e r r o e l e c t r i c  h y s t e r e s i s  curve of t h e  s l i c e  
shown i n  Fig. 44, i t  must be cut again  i n  such a way t h a t  e l e c t r o d e s  may be  
placed approximately perpendicular  t o  t h e  a c r y s t a l  a x i s .  Because of t h e  
way c e r t a i n  d e f e c t s  i n  t h e  s l i c e  were arranged it was decided t o  make t h e  
second c u t  about 20" from t h e  a-perpendicular  d i r e c t i o n .  This procedure was 
f i r s t  t r i e d  on s e v e r a l  earth-grown Rochelle s a l t  c r y s t a l s ,  and d i d  not  s i g n i -  
f i c a n t l y  degrade t h e  r e s u l t i n g  h y s t n r e s i s  curve. F igure  l i  shows t h e  
d i r e c t i o n  of t h e  second c u t .  
The f i n a l  c u t t i n g  r e s u l t e d  i n  a 1 mm t h i c k  sample f o r  h y s t e r e s i s  
osbervat ion.  The r e s u l t s  of t h e  measurement a r e  shown i n  Fig .  46. S-values 
of t h i s  sample a r e  compared t o  t h e  o t h e r  measurements we have made on t h i s  
c r y s t a l  i n  Table I V .  
Figure 43. Skylab Crystal 11. 
Skylab Crystal I1 i s  shown attached t o  the  g l a s s  p la te  
for cut t ing .  The cut from the w e t  s tr ing  i s  v i s i b l e  on the 
r ight  s i d e  of the  crys ta l  near the end. The s l i c e  r e s u l t i n g  
from t h i s  f i r s t  cot is about 1 .5  mn thick.  

Figure 44. Slice from Skylab Crystal 11. 
Cross section of the slice resulting from the first 
cut. The arrangement of defects made it necessary t o  make 
t h e  second cut near one edge Cape F ~ R .  4 5 ) .  In this way 
a fairly good sample was obtained for hysteresis observa- 
t ton. 

Figure  45. S l i c e  from Skylab C r y s t a l  I1 f o r  H y s t e r e s i s  Measurement. 
The s l i c e  i n  Fig.  44 was c u t  i n  t h e  d i r e c t i o n  shown 
i n  o rde r  t o  g e t  a  s l i c e  f o r  h y s t e r e s i s  measurement. Usually 
Rochelle salt  c r y s t a l s  a r e  s l i c e d  perpendicular  t o  t h e  a  
c r y s t a l  a x i s ,  but  i n  t h i s  c a s e  d e f e c t s  i n  t h e  c r y s t a l  would 
not  permit s l i c i n g  i n  t h a t  d i r e c t i o n .  

Figure 46. Ferroelectric Hysteresis Curve of the Slice from Skylab 
Crystal 11. 
The sample shown in Fig. 38 was painted with silver 
conducting paint and cooled to 5'C. The hysteresis curve 
was recorded and the S-value calculated to be 4.05. 

Table I V .  S-Values From Skylab Crysta l  11. 
- 
Skylab 
Crysta l  I1 S-value 
Small ch ip  
I S l i c e d  sample 1 4.05 
4.3 Growth Study of L-Alanine Doped T r i g l y c i n e  Sulphate  
4.3-1 In t roduc t ion  
I n f r a r e d  d e t e c t o r s  a r e  important  i n  many a p p l i c a t i o n s ,  inc lud ing  those  
f o r  t h e  space p r o g r m ;  f o r  example, m i s s i l e  launch d e t e c t o r s ,  i n f r a r e d  t e l e -  
scopes,  "~xp1orer"- type s a t e l l i t e  hea t  d e t e c t o r s ,  and weapons guidance 
systems. l 7  Cecently B r i t i s h  workers 13,17,18 have discovered t h a t  C-alanine 
doped t r i g l y c i n e  s u l p h a t e  (TGS) has  p o t e n t i a l l y  e x c e l l e n t  q u a l i t i e s  as a 
d e t e c t o r  ma te r i a l .  However, t h e  h igh ly  doped m a t e r i a l  has  no t  y e t  been pro- 
duced. Moreover, t h e  dopant concen t ra t ion  of t h e  product i s  no t  uniform, 
t h a t  is, t h e  dopant concen t ra t ion  d i f f e r s  from one product t o  another .  
I n  t h e  case  of copper dopant i n  Rochelle s a l t  c r y s t a l s  we can c o n t r o l  
t h e  dopant concen t ra t ion  by c o n t r o l l i n g  t h e  growth r a t e .  Also we have shown 
t h a t  h igh dopant concen t ra t ions  can be achieved wi th  h igh growth r a t e s .  
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Th i s  r e s u l t  should be app l i ed  t o  t h e  c a s e  of L-alanine doped t r i g l y c i n e  su l -  
phate  (TGS) i n  o rde r  t o  grow a h igh ly  doped c r y s t a l .  I t  was a l s o  shown, 
however, t h a t  h igh growth r a t e s  induced microscopic c a v i t i e s  which degrade 
14 
t h e  e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  of t h e  r e s u l t i n g  c r y s t a l s .  To avoid 
t h i s  problem we suggested a technique i n  which t h e  c r y s t a l  i s  grown under 
v a c u a  cond i t ions  (see  p a r t  3.4-1 of t h i s  r e p o r t ) .  This  technique was 
a c t u a l l y  app l i ed  dur ing t h e  p resen t  c o n t r a c t  pe r iod .  
4.3-2 Experimental Technique 
The new technique is based on t h e  fo l lowing f a c t s :  
Our p a s t  i n v e s t i g a t i o n s  have shown t h a t  microscopic c a v i t i e s  i n  c r y s t a l s  
grown from s o l u t i o n s  o f t e n  a r i s e  from trapped a i r  bubbles of microscopic 
14 
s i z e .  The f a c t  t h a t  t h e s e  microscopic a i r  bubbles most probably o r i g i n a t e  
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from d i s so lved  a i r  i n  t h e  growth s o l u t i o n  has  suggested a  new technique of 
s o l u t i o n  c r y s t a l  growth; c r y s t a l  growth under vacuum cond i t ions .  Under t h e s e  
cond i t ions  most of t h e  d i s so lved  a i r  i n  t h e  growth s o l u t i o n  is  removed by 
reducing t h e  p ressure  on t h e  s o l u t i o n  from 15 p s i  (normal atmospheric pres-  
s u r e )  t o  l e s s  than 1 p s i .  Thus only  a  smal l  number of c a v i t i e s  should appear 
i n  t h e  r e s u l t i n g  c r y s t a l  even f o r  t h e  case  of h igh growth r a t e s .  This  
technique should be u s e f u l  f o r  doping. While doping concen t ra t ion  i n c r e a s e s  
wi th  i n c r e a s i n g  growth r a t e  of  t h e  c r y s t a l ,  high growth r a t e s  i n e v i t a b l y  
induce c a v i t f e s  from t h e  a i r  d i s so lved  i n  s o l u t i o n  under atmospheric pres-  
s u r e .  I n  t h e  c a s e  of growth under vacuum cond i t ions ,  however, i t  should be  
p o s s i b l e  t o  o b t a i n  high doping concen t ra t ions  by growing t h e  c r y s t a l  a t  a  
high r a t e  without inducing many c a v i t i e s  i n  t h e  c r y s t a l .  This  technique was 
app l i ed  t o  growth of TGS c r y s t a l s  i n  the  p resen t  p r o j e c t .  
4.3-3 Resu l t s  and Analys is  
The experimental  appara tus  used f o r  t h i s  experiment is t h e  same a s  t h a t  
repor ted  i n  a  previous  work ( see  p a r t  3.4-1 of t h i s  r e p o r t ) .  A s o l u t i o n  
con ta in ing  11.4 grams of TGS, 4  grams of L-alanine, and 20 c c  of d i s t i l l e d  
water  was introduced i n t o  t h e  g lassware  and a seed c r y s t a l  was added. The 
glassware  was then capped, connected t o  a  vacuum system, and t h e  water i n  
s o l u t i o n  was evaporated u n t i l  I t s  volume decreased by 5 cc.  Afterwards t h e  
rubber tubing was clamped and t h e  vacuum system d i s c o ~ ~ n e c t e d .  
This procedure removed most of t h e  d i s so lved  a i r  i n  s o l u t i o n .  Now the  
s o l u t i o n  was ready f o r  c r y s t a l  growth. A f t e r  s e ~ e r a l  hours of pre l iminary  
slow growth, t h e  temperature of t h e  bath  was cooled r a p i d l y  by c i r c u l a t i n g  
cold water.  Then t h e  c r y s t a l  s t a r t e d  t o  grow a s  f a s t  a s  10 mm/day. A f t e r  
s e v e r a l  more hours of t h i s  f a s t  growth t h e  c r y s t a l  was removed and e x a m i ~ e d .  
Fig.  47 shows t h e  t ime vs .  temperatime curve  f o r  one such experiment.  
A microscopic examination was performed and showed t h a t  t h e  number of 
microscopic c a v i t i e s ,  both  empty and solut ion-holding,  was r e l a t i v e l y  s m a l l  
d e s p i t e  t h e  h igh  growth r a t e .  An amino a c i d  a n a l y s i s  was performed wi th  t h e  
h e l p  of a  Beckman 119 Amino Acid Analyzer. The r e s u l t s  a r e  shown i n  Fig.  48. 
The a l a n i n e  peak is weak, but  d e f i n i t e l y  v i s i b l e .  Analys is  of t h e  i n t e n s i t i e s  
i n d i c a t e d  t h a t  t h e  c r y s t a l  conta ined L-alanine i n  c o n c e n t r a t i o n s  between 
2% and 4%. The h i g h e s t  p rev ious ly  r epor ted  c o n c e n t r a t i o n  is  2%. l3 It is  
a l s o  noted t h a t  t h i s  vacuum growth technique makes it  p o s s i b l e  t o  o b t a i n  
h igher  doping concen t ra t ions  c o n s i s t e n t l y .  
A pre l iminary  h y s t e r e s i s  s tudy of t h e  doped c r y s t a l s  was a l s o  performed. 
The h y s t e r e s i s  curve  of c r y s t a l  AlTGS 614 i s  compared t o  a n  undoped 1'GS sam- 
p l e  i n  Fig.  49. The h y s t e r e s i s  loop of t h e  undoped sample is cen te red  around 
t h e  o r i g i n ,  a s  expected f o r  a  m a t e r i a l  wi th  no i n t e r n a l  p o l a r i z i n g  f i e l d .  
The alanine-doped c r y s t a l  s t i l l  shows a  h y s t e r e s i s  loop,  but  t h e  presence  of 
t h e  L-alanine i n  t h e  doped c r y s t a l  sets up an  i n t e r n a l  p o l a r i z i n g  f i e l d .  
The h y s t e r e s i s  loop is cen te red  on t h i s  i n t e r n a l  p o l a r i z i n g  f i e l d  r a t h e r  
than  on t h e  o r i g i n  as is t h e  c a s e  f o r  pure TGS. The b i a s i n g  v o l t a g e  f o r  
t h e  doped sample i n  F ig .  49 was about 3480 vol ts /cm.  The sample was about 
1 nun t h i c k ,  
The r e s u l t s  of t h i s  p re l imina ry  a n a l y s i s  a r e  d i f f i c u l t  t o  compare t o  
o t h e r  works.l0 Probably a reasonable  comparison can be made by measuring 
L/d, t h e  r a t i o  of  t h e  b i a s i n g  f i e l d  t o  t h e  width of t h e  h y s t e r e s i s  loop ( s e e  
Fig. 50) .  We fougd 1.1 f o r  Lld from the  r e s u l t  r epor t ed  by ~ o c k , "  whi le  
t h e  a n a l y s i s  of our  h y s t e r e s i s  curves  g i v e s  v a l u e s  of 2.0 f o r  t h i s  number. 
Figure 47: Time vs. Temperature Profi le ,  
Typical cooling curve for growing TGS crystals  doped 
w i t h  L-aianine. 

Figure 48. Amino Acid Spectrum. 
The amino acid a t a l y s i s  of t he  L-al-mine doped TGS 
c r y s t a l  grown i n  experiment AlTGS #14 is shown i n  t he  f igure.  
The glycine peak s t rength  i n  t h i s  spectrum is shown off 
s ca l e  so  t h a t  t he  smaller a lan ine  peak on the  r i g h t  is  v i s i -  
ble .  Analysis of t h e  i n t e n s i t i e s  of these  cur res  indicated 
t h a t  the TCS c r y s t a l  had an L-alanine doping concentration 
of 2% o r  more. 
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Figure 49. Hysteresis Study. 
The top curve is a . .a1 hysteresis loop of a pure 
TGS crystal about 1 mc thick. The loop is centered on the 
origin or zero vo l t s .  The bottom c u x e  is the hysteresis 
loop of a 1 mm s l i c e  of crvstal AlTGS 1/14. Thc loop i s  
centered around 3480 vol ts .  
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Figure 50. Lld. 
The quantity l,/d, the rat io  of the internai biasing 
f i e l d  to  the width of the hysteresis  loop is defined. This 
number can be compared to the resul ts  of hysteresis  studies  
done by other workers. 16 

4.3-4 Conclusions 
The preliminary r e s u l t s  lead us t o  conclude t h a t  the  new technique 
allows us t o  grow TGS with cons is ten t ly  high concentrations of L-alanine 
dopant. 
4.4 Laser Illuminated Stutly of Convection Currents 
l. ,4-1 Introduct ion 
Our experience has slrown t h a t  the  d i f f i c u l t y  i n  accurately observing 
convection cur ren ts  during so lu t ion  c r y s t a l  growth is  mainly due t o  poor 
i l lumination. That is, it is  very hard t o  l i g h t  up t h e  growth so lu t ion  i n  
such a way as t o  make the  convection cur ren ts  v i s ib l e .  It is even more d i f -  
f i c u l t  t o  supply proper l i g h t i n g  for  photographing convection cur ren ts ,  and 
photographs a r e  t h e  most p r a c t i c a l  and convenient way t o  make a permanent 
record of a c rys t a l ' s  growth. For these reasons, w e  have attempted t o  
improve our a b i l i t y  t o  make convection cur ren ts  v i s i b l e ,  both t o  t h e  unaided 
eye, and fo r  purposes of photographic measurements. 
4.4-2 Description of the  Experiment 
'Pie equipment f o r  these preliminary s tud i e s  was a s  follows: one Helium- 
Neon Laser (from S p e c t r ~  Physics),  0.5 mW minimum and 1.0 mW maximum output,  
beam diameter 0.88 m; one diverging lens ,  f oca l  length -8 m; one s l i t ,  
1.2 cm wide; one r;-ojector screen; and e temperature bath with stand, c r y s t a l  
growth v i a l  and heating and cooling equipment which has been described 
before. l4 A diagram of the  equipment is  shown i n  Fig. 51. 
The p a r a l l e l  beam from the  l a s e r  goes through the  f i r s t  l ens  and becomes 
s l i g h t l y  divergent.  The wide s l i t  then is  adjusted so  t h a t  a beam of l i g h t  
Figure 51. Diagram of t he  Laser I l luminat ion Apparatus. 
A l a s e r  bcam passes through the  diverging l ens  and f a l l s  
on the  s l i t .  This beam of l i g h t  en t e r s  t he  temperature bath 
where i t  is  focused by the  c r y s t a l  v i a l .  The l i g h t  emerging 
from t h e  v i a l  le.3ves t h e  temperature bath and f a l l s  on t h e  
project ion screen. Photographs were taken of t h e  image of 
t h e  growing c r y s t a l  and surrounding so lu t ion  t h a t  is formed 
on the  scyeen. 
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approximately t h e  same diameter a s  t h e  v i a l  is allowed t o  shine i n t o  t he  
temperature bath. The cy l ind r i ca l  c r y s t a l  growth v i a l ,  f i l l e d  with so l c -  
t i on ,  a c t s  l i k e  a converging lens  and brings t h e  beam t o  a focus j u s t  
ou ts ide  t he  temperature bath. This image is allowed t o  f a l l  on a screen two 
meters away. Since t he  c r y s t a l  i n  t he  growth v i a l  blocks t he  path of t h e  
l a s e r  beam, the shape of the  c r y s t a l  appears a s  a shadow i n  the  image formed 
by t h i s  system. -he  s t r i n g  t h a t  was used t o  support t he  c r y s t a l  a l s o  
appears a s  a shadow. 
Small changes i n  t h e  densi ty  of t he  so lu t ion  near t h e  c r y s t a l  due t o  
its growth o r  d i sso lu t ion  w i l l  cause a change i n  t h e  index of r e f r ac t i on  i n  
t h i s  neighborhood. For t h i s  reason, a srtall region of t h e  growth so lu t ion  
which has fewer Rochelle s a l t  molecules w i l l  r e f rdc t  l i g h t  d i f f e r e n t l y  than 
thc surrounding more dense solut ion.  s ince  convection cur ren ts  a r e  of ten  
regions of t he  growth so lu t ion  t h a t  have been depleted of dissolved mater ia l  
by the c r y s t a l ' s  growth, they should r e f r a c t  the  l a s e r  beam d i f f e r e n t l y  than 
the r icher ,  more dense rei;ions of the  growth so lu t ion .  This e f f e c t  should 
make them v i s i b l e  a s  e i t h e r  l i g h t e r  o r  darker regions aga ins t  a gray back- 
ground surrounding the  growing crystal . .  
The procedure fo r  these  experiments was a s  follows: 
About 20 cc of a Rochelle s a l t  s o l u t i o ~  sa tura ted  a t  room tenperature  
was heater t o  d i sso lve  f i v e  more grams of Rochelle s a l t .  This warm so lu t ion  
was t ransfer red  t o  a temperature bat> a t  room temperature and a seed c r y s t a l  
on a s t r i n g  was lowered i n t o  the c. . 2r. Photographs were taken while the  
seed c r y s t a l  and so ld t ion  cooled t o  s a t u r a t t i o n  temperature and began t o  
qrow. Thc r e s u l t s  a r e  sf own i n  Fig. 52. 
Figure 52. Photographs of a Rochelle Salt Crystal and Growth Solution. 
(A) Crystal Dissolving 
(B)  Saturation Conditions 
(C) Beginning Growth 
(D) Steady-State Growth 
The oblong horizontal shadow is  the Rochelle s a l t  crysta l ,  
and the vert ica l  shadow is the supporting string.  
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4.4-3 Results 
Figure 52 (A) shows t h e  c r y s t a l  sho r t l y  a f t e r  i t  was lowered i n t o  t h e  
warm growth solut ion.  The seed is dissolving,  making t h e  so lu t ion  nearby 
r i che r  i n  dissolved Rochelle s a l t ,  Being heavier than t h e  surrounding solu- 
t ion ,  these regions of so lu t ion  c lo se  t o  the c r y s t a l  tend t o  f a l l  under t h e  
influence of gravi ty .  These downward-moving convection cur ren ts  car, '-e seen 
a s  darker areas  i n  t h e  solut ior  below the  shadow of t h e  c r y s t a l  i n  Fig. 52 (A). 
.! s 
: [ About two minutes l a t e r  t he  so lu t ion  had cooled seve ra l  degrees and t h e  
i + .  vigorous downward-moving convection cur ren ts  had almoet stopped. Figure 52 (B) 
s shows a p i c tu re  taken a t  t h i s  time when t h e  system is c lose  t o  s a tu ra t i on  
t" 
' .. $ 
-, . 
conditions.  There a r e  few remaining downward cu r r en t s  and t h e  beginnings of 
: I 
2 : 
other  wnrion a t  t h e  tcp  sur face  of t he  c r y s t a l  is  v i s i b l e  here.  These small : j  . .  
< B . ., movements i n  t he  so lu t ion  a t  t h e  top of t he  c r y s t a l  grew i n  s i z e  and then F 
' F  
. i 
. . began t o  l i f t  away from the  c r y s t a l  surface.  Figure 52 (C) shows two of i 
: j  - .  
, f 
theee upwnrd-going convection currentP sho r t l y  a f t e r  they were formed. These 
$ 7  
- i  . .  
,' F convection cur ren ts  a r e  l i g h t e r  than the  surrounding so lu t ion  because t h e  
? ' 
.: i 
- I c r y s t a l  i s  now gri>wing and deplet ing the  dissolved Rochelle s a l t  mater ia l  
1 I' !. 
i i n  the region around it. This depleted region is t h u  l i g h t e r  and tends t o  
$ 
; f 
> 
! rise up and away from t h e  growing c rys t a l .  
1 
i' I f  these cur ren ts  a r e  dllowed t o  continue undisturbed they w i l l  become 
. T 
- .  
. !  almost s t r a i g h t  ~ i n e s  going f roa  the  c r y s t a l  t o  t he  top  of t h e  growth solu- 
i * ., t,ion. Figure 52 (D) shows our system a f t e r  about f i v e  minutes of steady 
* * 
growth. The two s t r a i g h t  b r igh t  a reas  a r e  t he  convection cur ren ts  present  
., .. i n  t h i s  steady-state growth condition. These cur ren ts  continued u n t i l  sa tura-  
t i o n  #as reached and then disappeared. In  p r inc ip l e  it is poss ib le  t o  observe 
convection cur ren ts  such a s  shown i n  Fig. 52 with very simple o p t i c a l  
arrangements and t h e  unaided eye, but i n  p rac t i ce  only very otrong convec- 
t i o n  cur ren ts  i n  l imited a reas  of t h e  growth so lu t ion  could be detected. A s  
Fig. 52 shows our technique of l a s e r  1llumi:iation g rea t ly  improvet, t h e  sensi-  
t i v i t y  of observation by enhancing the  con t r a s t  and widening t h e  region of 
observation t o  include the  e n t i r e  growth solut ion.  
4.5 Theory of t he  Fe r roe l ec t r i c  Hysteresis  Curve 
4.5-1 Introduct ion 
Measurement of t he  f e r r o e l e c t r i r  hys t e r e s i s  curves f o r  samples of 
solution-grown Rochelle s a l t  is one convenient way t o  ass ign  a q u a ~ i t i t s t i v e  
measure t o  a c r y s t a l ' s  ".,ualityV. The S-value, defined i n  a previous work, 14 
is a number with which we may compare t he  qua l i t y  of two c r y s t a l s ,  a t  l e a s t  
with respect  t o  t h e i r  response t o  an appl ied e l e c t r i c  f i e l d .  This quant i ta-  
t i v e  measure of c r y s t a l  excel lence is thus a way one may a l s o  compare t he  
success of d i f f e r en t  t e ~ h n i q u e s  f o r  so lu t ion  c r y s t a l  growth. That is, w e  
may measure t he  f e r r o e l e c t r i c  hys t e r e s i s  curves of Rochelle s a l t  c r y s t a l s  
grown under d i f f e r e n t  conditions and compare t h e i r  qua l i t y  by comparing t h e i r  
S-values. It should be remembered, however, t ha t  S-value comparisons a r e  
only one measure of a c r y s t a l ' s  excellence. Other measurements, such a s  t h e  
number and character  of microscopic defec ts  per un i t  volume, e l e c t r i c a l  con- 
duc t iv i t y ,  and amount of dopant present  may he more valuable  i n  soma cases.  
In  general  t he  de f in i t i on  of c r y s t a l  qua l i t y  depends very much on the  par- 
t i c u l a r  use t ha t  t he  c r y s t a l  of i n t e r e s t  may have, 
Because f e r t o e l e c t r i c  hys te res i s  measurements a r e  one common way of 
couparing c r y s t a l  qua l i ty ,  i t  would be convenient t o  have some theory which 
d i r e c t l y  r e l a t e s  the  shape of the  f e r r o e l e c t r i c  hys t e r e s i s  curve t o  some 
obser iable  parameter of t he  c r y s t a l  o r  t o  some inf luence during i ts growth. 
> o r  t h i s  reaeon we have developed the  following theory which p red i c t s  the  
shape of a c r y s t a l ' s  hys t e r e s i s  curve a s  a f mction of t he  number of defec ts  
o r  voids per un i t  volume. 
4.5-2 Theory and Calculations 
Let us  being by considering the  simple case of two p a r a l l e l  p l a t e  
e 
capac i tors  such a s  those shown i n  F i g .  53; both have t h e  same p ld t e  area 
A and t h e  same p l a t e  spacing d.  One is completely f i l l e d  with a & e l e c t r i c  
mnter ia l  whose d i e l e c t r i c  constant is K, while t he  o ther  is f i l l e d  wieh the  
same mater ia l  but has a gap i n  t he  center.  We would l i k e  a ca l cu l a t e  the  
e l e c t r i c  f i e l d  ins ide  t h e  d i e l e c t r i c  of t h e  p a r t i a l l y  f i l l e d  capac i tor  and 
compare i t  t o  the  f i e l d  i n  t he  completely f i l l e d  case. Fox purposes of cal-  
cu la t ion  let  us d iv ide  the  p a r t i a l l y  f i l l e d  capaci tor  i n t o  t h r ee  capac i tors ,  
each having 1 / 3  t he  spacing of t he  completely f i l l e d  capaci tor .  Referring 
t o  F 4 .  54 ,  we w i l l  c a l cu l a t e  the  value of the  e l e c t r i c  f i e l d  E (=E3). 1 
The capacitance of t h e  f i l l e d  capaci tor  is given by 
For t he  capacitance of t he  t h r ee  series capaci tors ,  we h a w  
Figure 53. Illustration of a Capacitor with a Gap. 
Two identical capacitors, one completely f i l l e d  with a 
dielectric and the other kaving a gap in t t ~ e  dielectric 
material. 

Figure 54. Details of the Circuit in Fig. 53. 
The circuit  shown in  this  figure i s  identical to that 
shown i n  Fig. 53, but the details  of the partially f i l l e d  
capacitor are given more clearly. 
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Thus, fo r  the t o t a l  capacitance, we have 
Consequently , 
Thus 
Since the  e l e c t r i c  f i e l d  i n  the  f i l l e d  capacitor is given by 
then we have 
We can see  tha t  i f  r is  large, E can be very much smaller than Eo. 1 
Now l e t  us extend our model t o  include the  case of many layers of empty 
spaces i n  the  crystal .  We may divide the  bulk c rys ta l  in to  th in  v e r t i c a l  
I-. 
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s t r i p s  a s  is  shown i n  Fig. 55. Defects in  t h e  bulk c r y s t a l  are t h e  o r i g i n  
of t he  empty spaces, d i n  each v e r t i c a l  s t r r p .  One can e a s i l y  show t h a t  j ' 
the  e l e c t r i c  f i e l d  i n  t he  c r y s t a l l i n e  mater ia l  pa r t  of t he  s t r i p ,  E is 
li P' 
J-L r e l a t ed  t o  the  applied e l e c t r i c  f i e l d  E (= v/d) from the  vol tage source by 
; i 
I! where k is the  d i e l e c t r i c  constand and A is defined by 
The quant i ty  A is the r a t i o  of the  thickness of the  empty l aye r s  t o  t he  
thickness of t he  whole sample. 
, ,  
It is of i n t e r e s t  t o  note  t h a t  i n  the  equation r e l a t i n g  E and E, E is 
P P 
independent of t he  d i s t r i bu t ion  of t he  empty l aye r s  and depends only on 
t h e i r  combined thickness. We may apply t h i s  r e s u l t  t o  the  case of a l a rge  
sample of Rochelle s a l t  between two p a r a l l e l  capaci tor  p la tes .  For a given 
applied voltage, the  region of the c r y s t a l  with more defec ts ,  hence morn 
empty spaces, experiences a lower average e l e c t r i c  f i e l d .  Therefore, higher 
applied f i e l d s  a r e  needed t o  switch the polar iza t ion  of t he  sample. Also, 
1 a region with fewer cavi ty defec ts  would requi re  r e l a t i v e l y  low vol tage f o r  
, switching. This demonstrates t h a t  the  S-value would appear low i f  the  
1 
i ,  
sample contains many cavi t ies .  
. , 
: In any r e a l  c r y s t a l ,  t he  number of defec ts  within a given volume may 
-.  . 
be very la rge  f o r  low-quality samples o r  very small i n  very good c rys t a l s .  
Within a s ing le  c r y s t a l ,  a l so ,  some regions may have many defec ts  while 
1 i others  a r e  almost defect-free.  Thus, the  value of A may d i f f e r  from one 
Figure 55. A Sample Crystal i n  a Parallel Plate Capacitor. 
(A) The bulk sample 
(B) A ver t i ca l  component p iece  

Figure 56. Cavity Distribution Curve. 
(A) For a typical crystal. 
( B )  For a perfect crystal. 

Figure 57. Theoretical Hysteresis Curves for b = 1 and k 200, 
(I- 
t 5 
~- 3 

v e r t i c a l  s t r d p  t o  *other I n  t h e  sono crystal. For s i m p l i c i t y ,  we w i l l  
d e s c r i b e  t h e  Ptrangmfent of d e f e c t s  as a Causcian d i r r r i b u t i o n  f u n c t i o n  f (A)  
f (A) = exp [-a2 (L  - i121 2 f o r O 5 A  51 / exp [-a (A - 6 ) d ~  
0  
and f ( A )  = 0 f o r  A < 0 o r  A > 1, where is t h e  average A over t h e  c r y s t a l .  
An example of f(A) ifi given In Fig. 56A. I f  t h e  c r y s t a l  were p e r f e c t ,  
f(A) should be a  d e l t a  functi-on such as t h a t  ahown in F i g ,  56B. T h i s  con- 
d it ion  r e q u i r e s  t h a t  
where b is a  conatant  parameter. A s  IS -+ 0, tk, d i s t r i b u t i o n  f u n c t i o n  
approaches a d e l t a  func t ion .  
New, a s  E inc reases ,  E inc reases ,  and a t  E = c r i t i c a l  f  icld (E'), the 
P P  P 
molecular d i p o l e  swi tches  from, f o r  example, t h e  (-) d i r e c t i o n  t o  t h e  (+) 
d i r e c t i o n .  According t o  E q .  (1). i n  a component s h e e t  whos - "is r e l a t i v e l y  
smal l ,  t h i s  swi tching occurs  f o r  a r e l a t i v e l y  low app l i ed  f i e l d  E. I f  the  
component shee t  has a largc* A ,  a r e l a t i v e l y  high E is requ i red  f o r  swi tching,  
With t h i s  assumption, p o l a r i z a t i o n  of t h e  c r y s t a l  may bc given by 
On conver t ing t h e  v a r i a b l e  A t o  E wi th  t h e  a i d  of Eq.  1, one o b t a i n s  a  
h y s t e r e s i s  curve 
200 
where Po is t h e  maximum p o l a r i z a t i o n  of t h e  c r y s t a l  and t h e  -I/? t e n  i n  th. 
p a r e n t h e s i s  "0 added i n  o rder  t o  make P = 0 f o r  E - 0. 
Gxamplee of t h e  h y s t e r e s i s  curves obtained wi th  t h e  use  of Aq.  (6) rrr 
given i n  Fig. 57. I n  t h i s  f i g u r e ,  PIP  is  p l o t t e d  aga ina t  E/Z' i n  the came 
0 P ' 
f o r  b = 1 and k  = 200 ( d i e l e c t r i c  constant  of Rochelle s a l t  a t  5 ' ~ ) .  f o r  
- 
A = 0.0030 ard = 0,0001. One cart see t h a t  thr e curves  reproduce t h e  
observed f e r r o e l e c t r i c  h y s t e r e s i s  curves,  a t  l e a s t  semiquan t i t a t ive ly .  
4.6 Sunrmarp and Conclusions 
The c r y s t a l  of Rochelle salt  grown on board Skylab-4 has  t h e  fol lowing 
unique f e a t u r e s :  ( i )  t h e  t y p i c a l  c a v i t y  I s  A long tube extending i n  the 
d i r e c t i o n  of t h e  c - c r y s t a l  a x i s ;  t h e  average l eng th  being 4 nnn compared t o  
0.1 mc t h a t  is t h e  average s i z e  i n  t h e  c a s e  of t y p i c a l  earth-grown c r y s t a l r ;  
( i i )  t h e  c r y s t a l  c o n s i s t s  of s e v e r a l  s i n g l e  c r y s t a l s ,  t h e  corresponding 
axes of which a r e  p a r a l l e l  t o  each o t h e r .  This second r e s u l t  s a g g e s t r  t h e  
presurjc e of en or ienta t ion-dcpendent  long-range f o r c e  whose e f f e c t i v e  dia- 
taoce l a  poss ib ly  a s  l a r g e  a s  a feu millirnet*rs.  Fur ther  c h a r a c t e r i z a t i o n  
of t h e  Skylab c r y s t a l  inc lude  measurements on microscopic d e f e c t s  and f r r r o -  
e l e c t r i c  hys te rec io  curves.  
The a p p l i c a t i o n  of our new growth techniqua,  growth from r o l u t i o n ~  
under vacuum condi t ions ,  has  r e s u l t e d  i n  c r y s t a l s  of TGS with c o n s i s t e n t l y  
high L-alanine doping concentra t  Lons. The observat ion of convection c u r r e n t s  
dur ing s o l u t i o n  c r y s t a l  growth has  been improved by a  new lvthod of i l lmi- 
na t ion .  A Hel.im-Neon latier b:?a was used a s  a source wi th  a  S c h l i e r e r ~  
type o b s e r r a t i o n  technique.  
A theorv f 2 r  t h e  shape of t h e  f e r r o e l e c t r i c  h y s t e r e s i s  curve was 
formulated. It was found t h a t  t h e   tia ape of a  i iys te res i s  curve i s  s e n s i t i v e  
". to the concentration of cavities in the crystal. For example. when a high 
I cavity concentration was assumed, the resulting hysteresis curve was similar 
in shape to that observed for a poor-quality crystal. 
; I 
Section 5. Other Studies  
5.1 Growth i n  Zero Gravity - Sounding Rocket F l igh t s  
5.1-1 Introduct ion and Background 
During the  present work period w e  t r i e d  t o  determine i f  t h e  few minutes 
of zero-gravity growth t h e  ava i lab le  on sounding rocket f l i g h t s  could pro- 
v ide  an opportunity t o  perform a usefu l  so lu t ion  c r y s t a l  growth experiment. 
We want t o  determine i f  t h e  L-alanine dopant concentration i n  solution-grown 
polycrys ta l l ine  samples of t r i g l y c i n e  sulphate  (TGS) could be d r a s t i c a l l y  
increased i f  t h e  samples were prepared i n  a zero-gravity environment. For 
t h i s  purpose, apparatus f o r  growing polycrys ta l s  of TGS doped with L-alanine 
(or other  mater ia l )  i n  a zero-gravity environment was designed snd b u i l t .  
Ground-based experiments which simulated t h e  t i m e  course of a soqmding rocket 
f l i g h t  were performed. Crys ta l s  were recovered from these  experiments whose 
s i z e  permitted ana lys i s  of qua l i t y  and dopant concentration. We have con- 
cluded from these  preliminary experiments t h a t  sounding rocket f l i g h t s  would 
be usefu l  f o r  performing doping s tud i e s  of po lycrys ta l l ine  samples grown i n  
a zero-gravity environment. 
I n  addi t ion,  we a r e  continuing t o  improve t h e  cu t t ing ,  d r i l l i n g ,  and 
pols ihing techniques fo r  examination of t he  Skylab c r y s t a l .  
The Skylab-4 growth experiment with Rochelle s a l t  has d e f i n i t e l y  shown 
t h a t  growth c h a r a c t e r i s t i c s  of a c r y s t a l  grown i n  a near-zero grav i ty  environ- 
ment d r a s t i c a l l y  d i f f e r  from those of earth-grown c rys t a l s .  Thus, f u r t h e r  
qrowth s tud i e s  i n  zero-gravity conditions a r e  needed. The sounding rocket  
program can provide oppor tun i t ies  f o r  more zero-gravity experiments, 
The zero-gravity phase of the rocket's flight lasts only a few minutes. 
In spite of the short time, however, we believe it is worthwhile to examine 
the feasibility of using soundfng rockets for zero-gravity solution growth 
experiments for the following reasons: 
In the case of moderate rates of solution crystal growth, it has been 
found that the doping rate increases with increasing rate of crystal growth. 14 
When the growth rate is very high, however, the dopant concentration is 
rather low and many inclusions and cavities appear in the resulting crystal. 
These facts lead one to speculate: If a crystal is grown at a very high 
rate in a zero-gravity environment, would the dopant concentration be very 
much higher than what one can achieve in a one-gravity environment? L-Alanine 
doped triglycine sulphate is a potentially excellent infrared-detector mate- 
rial, if a highly doped crystal could be obtained. Thus, further investigation 
is needed to determine if use of a zero-gravity environment drastically 
improves the doping concentration in general and for this application in 
part lcular . 
It would be desirable to be able to perform a controlled solution 
crystal growth experiment such as that already done on Skylab-4. However, 
the Shuttle/Spacelab programs, which offer opportunities for such long-time 
zero-grav~ty growth experiments, are not available to us in the immediate 
future. Therefore, we have decided to investigate the feasibility of per- 
forming experiments during the few minutes of zero-gravity time available 
during sounding rocket flights. The sounding rocket program is primarily 
intended to develop experimental techniques and accumulate operational ex- 
perience in preparation for longer zero-gravity experiments on Shuttle/Spacelab. 
5.1-2 Description of the  F l igh t  Experiment 
The time course of a t yp i ca l  sounding rocket  f l i g h t  is shown i n  Fig. 58(A). 
After  i gn i t i on  a t  t = 0, the  rocket acce l e r a t e s  f o r  32 sec. Approximately 
one minute a f t e r  i gn i t i on ,  t h e  vehic le  reaches a l t i t u d e s  above 250,000 E t  
where aerodynamic forces  a r e  no longer important. A t  t h i s  point,  t h e  pay- 
load sec t ion  i s  separated from the  rocket motor and vehic le  r o t a t i o n  r a t e s  
a r e  reduced t o  no more than 0.2 degreelsec i n  a l l  r o t a t i o n a l  degrees of 
freedom. A t  these ro t a t i on  r a t e s ,  c e n t r i p e t a l  accel.erations w i l l  be  less 
than ldSg a t  a l l  points  i n  t h e  payload; s t a b i l i z a t i o n  t o  t h i s  l e v e l  w i l l  
be completed within 75 t o  80 seconds a f t e r  ign i t ion .  Following s t a b i l i z a -  
t i on ,  s eve ra l  minutes of weightlessness w i l l  be ava i l ab l e  f o r  da t a  gathering. 
During t h i s  phase of its f l i g h t  t he  payloaa fcllows a b a l l i s t i c  t r a j e c t o r y  
and is  e s s e n t i a l l y  i n  f r e e  f a l l .  
The payload w i l l  t yp i ca l l y  begin i ts  re-entry i n t o  t he  atmosphere 
between 5 and 8 minutes a f t e r  l i f t o f f .  A drogue parachute is deployed a t  
20,000 f t  a l t i t u d e ,  followed a f t e r  12 seconds, by t h e  main parachute, and 
each event can produce shock loads up t o  5g i n  any d i rec t ion .  The payload 
o rd ina r i l y  lands about 15 minutes a f t e r  l i f t o f f  a t  v e l o c i t i e s  between 30 and 
40 f t f s e c ,  and i s  usual ly  returned t o  t he  launch s i t e  by he l icopter .  
Figure 59(B) shows the  time course of a t yp i ca l  so lu t ion  c r y s t a l  growth 
experiment performed i n  our ground-based labdratory.  De ta i l s  of these  experi- 
ments w i l l  be given i n  pa r t  5.1-3. The sequence of events is chosen t o  
imi t a t e  th ings  t h a t  bould happen t o  a so lu t ion  c r y s t a l  growth payload during 
a sounding rocket f l i g h t ,  For example, between ign i t i on  and t = 90 seconds 
t he  so lu t ion  is  kept warm and under low pressure t o  remove trapped a i r ;  but 
F i-gure .i8. Sounding Rocket Flight 
The upper drawing shows a typical  sounding rocket f l i g h t  
a s  a function of time. The zero-gravity phase of the f l i g h t  
l a s t s  about 4 minutes. 
The lower drawing i s  a representation of a simulation 
crystal  growth experiment performed i n  our ground-based 
laboratory. Crystal growth is typical ly  completed in  60 
seconuti. 
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c r y s t a l s  a r e  n o t  allowed t o  grow whi le  t h e  motor is a c c e l e r a t i n g  t h e  payload. 
The s o l u t i o n  is then cooled ve ry  r a p i d l y  when t h e  sounding rocke t  reaches  
t h e  zero-gravi ty  phase of its f l i g h t ,  and c r y s t a l s  grow very  qu ick ly  from 
t h e  supersa tu ra ted  s o l u t i o n .  A t  re-ent ry ,  t h e  payload would r e c e i v e  a con- 
s i d e r a b l e  mechanical shock, s o  we apply  a l a r g e  mechanical shock t o  our  
ground-based system. We wish no c r y s t a l s  t o  g r ~ w  a s  a r e s u l t  of t h i s  shock, 
because we a r e  i n t e r e s t e d  only i n  c r y s t a l s  grown dur ing  t h e  zero-gravi ty  
phase of t h e  experiment. Thus we must choose a s u i t a b l e  i n i t i a l  concentra-  
t i o n  and temperature change f o r  t h e  growth process  s o  t h a t  i t  w i l l  au tomat ica l ly  
s t o p  b e f o r e  t h e  shocks occur.  
5.1-3 Ground-Based Experiments 
Table V summarizes t h e  r e s u l t s  of s e v e r a l  s imula t ion  c r y s t a l  growth 
experiments performed i n  our  ground-based l abora to ry .  A small volume of 
growth s o l u t i o n  was placed i n  a 20 cc  growth c e l l .  A t  t = 0, a vacuum pump 
was switched on and allowed t o  evacuate  t h e  c e l l  t o  about 1 p s i  i n  about 5 
seconds. This  r ap id  evapora t ion  cooled t h e  growth s o l u t i o n  below its s a t u -  
r a t i o n  temperature and p r e c i p i t a t e  was formed. The m a t e r i a l  t h a t  was 
produced was allowed t o  grow f o r  v a r i o u s  l e n g t h s  of time. The pumping was 
stopped a t  some point  and t h e  s o l u t i o n  w a s  observed t o  s e e  when a l l  growth 
o r  p r e c i p i t a t i o n  stopped.  I n  most cases ,  t h e  e n t i r e  t ime of growth was 
only  60 seconds. The growth c e l l s  were sometimes given a mechanical shock 
t o  s e e  i f  new c r y s t a l l i n e  m a t e r i a l  could be produced. 
A f t e r  about 5 minutes t h e  m a t e r i a l  formed dur ing  t h e  experiment was 
recovered and examined f o r  s i z e  and q u a l i t y .  Typical  c r y s t a l s  ranged from 
50 - 100 p i n  s i z e  a l though l a r g e r  ones were f r e q u e n t l y  found. By choosing 
a s u i t a b l e  i n i t i a l  concen t ra t ion  and temperature change t h e  growth p rocess  
can be made t o  t e rmina te  a t  any d e s i r e d  t ime a f t e r  t h e  s o l u t i o n  is cooled.  
Table V. Simulation Experiments 
Small amounts of t r i g l y c i n e  s u l p h a t e  (TGS) s o l u t i o n  wi th  
CuCl o r  L-alanine dopant were p laced i n  a  growth c e l l .  Rapid 2 
cool ing was performed by pumping on t h e  s o l u t i o n .  I n  most c a s e s  
c r y s t a l s  o r  p r e c i p i t a t e  were formed w i t h i n  about 20 seconds 
a f t e r  pumping began and growth w a s  completed a l t e r  one minute. 
The c r y s t a l l i n e  product was examined under a  low-power micro- 
scope f o r  s i z e  and q u a l i t y .  
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The r e s u l t s  of these preliminary experiments have c l ea r ly  demonstrated 
t h a t  it is poss ib le  t o  grow polycrys ta l s  l a rge  enough t o  be analyzed during 
t h e  zero-gravity phase of a sounding rocket f l i g h t .  
Since we have shown t h a t  u s ~ f u l  c r y s t a l s  can be grown i n  a zero-gravity 
environment during a sounding rocket f l i g h t ,  i t  was necessary t o  bui ld  a 
device t ha t  could serve as  t he  growth c e l l  on t h e  payload. Because t he re  i s  
an exce l len t  vacuum ava i l ab l e  during the  zero-gravity pa r t  of t he  f l i g h t ,  i t  
was decided t o  use f a s t  evaporation t o  rapidly cool  t he  growth solut ion.  
Figure 59 shows a cross-sect ional  view of our prototype. The growth 
c e l l  is thermally insulated by a s t a in l e s s - s t ee l  vacuum jacket  t o  pro tec t  
t h e  contents  from environmental temperature f luc tua t ions .  Figure 60 shows 
a photograph of our growth c e l l  without t h e  s t a i n l e s s  s t e e l  jacket .  To 
i n i t i a t e  growth, one f i r s t  evacuates t he  chamber immediately above t h e  growth 
c e l l .  The current  i n  the  solenoid is  then switched on t o  open the  valve which 
causes t he  pressure ins ide  the  growth c e l l  t o  drop suddenly. The valve is  
allowed t o  remain open u n t i l  t he  desired amount of so lu t ion  has evaporated 
(about 30 seconds). The current  is switched off  and the  valve is  closed 
due t o  t:ie a t t r a c t i o n  between t h e  permanent magnet and t h e  solenoid core.  
The c r y s t a l  growth continues without fu r the r  intervent ion.  Growth terminates 
automatically when a s a tu ra t i on  condition e x i s t s  a t  t he  new temperature and 
pressure.  
We propose t he  following procedure f o r  using the  device described i n  
the  preseding paragraphs during a sounding rocket experiment. ' f ie  apparatus 
of Fig. 59 should be mounted i n  the  payload s t age  i n  such a way tha t  t he  
average acce le ra t ion  durine powered f l i g h t  w i l l  be d i rec ted  a l o n ~  the  v i a l  
Figure 5 9 ,  Cross Sectional View of Vacuum Evaporation Crystal 
Growth Cell. 
6 in. 
C e r a m i c  D i s k  
1 0 0 0 - t u r n  
S o l e n o i d  Co i l  -- 
1- 3.75 in. + 
Figure 6 0 .  Photograph of Growth Cel l .  
The photograph shows our prototype solution crystal  growth 
ce l l  without its s ta in l e s s  r t e e l  jacket. The c e l l  i s  made of 
Plexiglas so that growth can be eas i l y  observed. 
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ax i s ,  away from the  valve,  Thus, t he  growth so lu t ion  w i l l  be confined t o  
t he  end of t h e  apparatus opposi te  t he  valve and w i l l  experience tlrinimum 
s t i r r i n g  accelerat ions.  The growth so lu t ion  should be t ransf  e r red  t o  t h e  
v i a l  a t  about 2S°C, and the  vacuum jacket sealed in place. This w i l l  therm- 
a l l y  Insu la te  the  so lu t ion  while t he  rocket begins i ts f l i g h t .  When the  
- .  
payload begins t he  zero-gravity phase of t he  f l i g h t ,  t he  va lve  should be 
opened. Ground-based simulation experiments show t h a t  1.2 amps switched 
through the  1000-turn solenoid c o i l  w i l l  quickly and r e l i a b l y  operate  t h e  
valve. After about 2 seconds, enough water w i l l  have evaporated from t h e  
so lu t ion  t o  insure t h a t  t h e  temperature of t h e  so lu t ion  w i l l  drop and crys- 
t a l s  w i l l  begin t o  grow. A t  t h i s  point t he  valve should be closed by switching 
off  t h e  current.  Crys ta l  growth may then continue i n  t he  closed v i a l  u n t i l  
sa tura t ion  conditions a r e  reached. By a proper choice of i n i t i a l  concentra- 
t ions ,  the  growth may be stopped while t he  so lu t ion  is s t i l l  i n  zero-gravicy 
surroundings. The s t a in l e s s - s t ee l  vacuum jacket w i l l  maintain t he  lower 
temperature resu l t ing  from the sudden evaporation for  the r e s t  of the  f l i g h t .  
This insures  against  higher so lu t ion  temperatures dissolving c r y s t a l s  grown 
i n  the  zero-gravity phase or  much lower temperatures p rec ip i t a t i ng  mater ia l  
from the  so lu t ion  which was not grown under zero-gravity conditions.  
The l a rges t  dimensions of our prototype a r e  6 inches by 3.75 inches. 
Its weight, subject t o  f l i g h t  s a f e ty  standards t h a t  may l a t e r  5e imposed by 
NASA, is  l e s s  than one pound, including the  growth solut ion.  Any combination 
of amp-turns t ha t  equals 1200 o r  more is enough t o  r e l i a b l y  operate  the  valve. 
lhe res i s tance  of our solenoid c o i l  was about 10  ohms, thus our power 
requirements were 14.4 watts.  Coils with d i f f e r e n t  amp-turns could requi re  
less power. 
Safe  i n t e r n a l  temperatures could be maintained by t h e  s t a i n l e s s - s t e e l  
vacuum jacket  f o r  a s  long a s  one hour t o  a l low time f o r  recovery of t h e  
p r e c i p i t a t e d  mate r ia l .  I f  ambient temperature is  excess ively  warm, s p e c i a l  
precsut ions  may have t o  be taken t o  i n s u r e  t h a t  t h e  c r y s t a l l i n e  product does 
no t  re-dissolve  i n  t h e  remaining so lu t ion .  
The most important information t h a t  w i l l  be obta ined from t h e  zero- 
g r a v i t y  sounding rocket  experiment is t h e  amount of dopant p resen t  i n  t h e  
recovered c r y s t a l l i n e  product. Amino-acid a n a l y s i s  may be used i n  t h e  case  
of L-alanine doped i n t o  c r y s t a l s  of TGS, whi le  ESR (Elect ron Spin Resonance) 
techniques can measure t h e  copper ion concentra t ion i n  t r i g l y c i n e  su lpha te  
c r y s t a l s  doped wi th  CuC12. Both t h e s e  techniques a r e  l i k e l y  t o  be success- 
f u l  wi th  very small amounts of powder-like c r y s t a l l i n e  mate r ia l .  
I f  l a r g e r  c r y s t a l s  ( 1  cubic  mi l l imete r  o r  more i n  volume) a r e  produced 
in t h e  experiment, a n a l y s i s  of microscopic d e f e c t s  w i l l  be performed. These 
microscopic d e f e c t s  w i l l  be compared t o  d e f e c t s  i n  c r y s t a l s  grown under one- 
g r a v i t y  cond i t ions  and t o  those  found i n  o t h e r  c r y s t a l s  grown iu zero-gravity 
surroundings. 1 9  
I f  i t  is  poss ib le  t o  perform a pre l iminary experiment, t h e  information 
gained could be used t o  improve t h e  apparatu: f o r  t h e  next  growth experiment. 
Thus, it would be d e s i r a b l e  t o  perform more than one s o l u t i o n  growth 
experiment. 
5.2 Crys ta l  Defects 
I n  some regions  of t h e  Skylab c r y s t a l  and i n  s e v e r a l  earth-grown c r y s t a l s ,  
we have observed t h e  type of microscopic de fec t  shown i n  Fig. 61. These d e f e c t s  
Figure 61. An Example of One Type of Defect. 
The photograph shows an example of a type of defect 
found in  the Skylab crystal and i n  many earth-grown crysta ls .  
The drawing below shows the structure of the dark sphere with 
its  bright ring and central bright spot for c lar i ty .  

ap2ear t o  be cav i t i e s  containing a sphere of so~ t r t i on .  However, c lose  
inspect ion of the  dark sphere revea ls  a  b r igh t  r i n g  ins ide .  The r a t i o  of 
t h e  diameter of t h i s  r i n g  t o  t he  d iane te r  of t h e  dark sphere is constant 
w . and equal t o  about 213. The br igh t  spot  i n  t he  cen te r  of the  dark sphere 
f* . 2, . . &. . . 
I *. is due t o  undeviated l i g h t  passing through the  cen te r  of t h e  sphere. 
?; 4- . 
a .  " .  . Recently, some workers have examined the  appearance of an a i r  bubble $ 
- .  
ins ide  a  container f i l l e d  with water.?' They found t h a t  t he  a i r  bubble 
' ,  
looks l i k e  a  dnrk sphere with a  br ight  spot  i~. t he  center  and contains  a  
br igh t  r ing  whose radius  is about 213 t h a t  of t h e  dark sphere. Thus, it  i s  
. . possible  t he t  t he  defec t  shown i n  Fig. 61 is  ac tua l ly  a so lu t ion- f i l l ed  
cav i ty  conlaining an a i r  bubble. For t h i s  reason f u r t h e r  inves t iga t ion  is 
. . 
needed t o  tell  i f  t h i s  is t h e  case. 
5.3 Procedure f o r  Dr i l l i ng  i n  Crys ta l s  
During our s tud i e s  on convection cur ren ts  it became important t o  develop 
a  technique fo r  supporting t h e  growing c r y s t a l  i n  so lu t ion .  A technique 
such as t h i s  would be espec ia l ly  important f o r  growth experiments i n  a  zero- 
grav i ty  environment when one wishes t o  hold a c r y s t a l  a t  a desired pos i t i on  
i n  t he  solut ion.  A c r y s t a l  can be supported with a  t h i n  g l a s s  rod, i f  a 
small hole  is  d r i l l e d  i n  it. This d r i l l i n g  is  not an easy task,  however, 
s ince  c rys t a l s  such a s  Rochelle s a l t  a r e  very f r a g i l e .  For t h i s  reason 
Tom Hunter, Machinist f o r  t h e  Physics Department, designed a  spec i a l  machine 
and establ ished the  d r i l l i n g  procedure f o r  f r a g i l e  c r y s t a l s .  A paper on 
t h i s  work w i l l  appear i n  t he  Review of S c i e n t i f i c  Instruments shor t ly .  21 
5.4 Nature of Fe r roe l ec t r i c i t y  
Wo f e r r o e l e c t r i c  c rys t a l s ,  Rochelle salt and TGS, were used in many 
experiments of t h i s  project .  I n  s p i t e  of a grea t  dea l  of study by many 
workers, t he  nature of f e r r o e l e c t r i c i t y  has not  been c l a r i f i e d .  This na ture  
must be c l a r i f i e d  eventually i n  order t h a t  the  r e s u l t s  obtained i n  t h e  cur- 
ren t  pro jec t  be f u l l y  u t i l i z e d  both i n d u s t r i a l l y  and s c i e n t i f i c a l l y .  For 
t h i s  reason, some e f f o r t  toward t h i s  d i r ec t ion  was made during t h i s  project .  
With t h e  use of electron-nuclear-double-resonance (ENDOR) technique, s t rong 
evidence w?s obtained which ind ica tes  t h a t  t h e  f e r r o e l e c t r i c i t y  i n  TGS is 
associated with the  quantum-tunneling of a proton i n  t he  c r y s t a l .  A paper 
22 
based on t h i s  study w i l l  appear i n  t he  Journal  of Chemical Physics short ly .  
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Sect ion 6. Recommendat ions 
In  view of t he  r e s u l t s  obtained i n  t h i s  inves t iga t ion ,  t h e  following 
is  recommended. 
(1) Further ground-based research i n  so lu t ion  c r y s t a l  growth. 
A g r ea t  dea l  of e f f o r t  has been made i n  the  l a s t  two decades t o  
understand the  mechanism of growth and doping of metal and semiconductor 
c rys t a l s .  Compared t o  these e f f o r t s  only a small amount of work has been 
done t o  understand t h e  fundamental mechanisms of c r y s t a l  growth from solu- 
t i ons ;  f o r  example, no one had ser ious ly  invest igated such sub jec t s  a s  t h e  
e f f e c t  of growth r a t e  on dopant concentration, microscopic c a v i t i e s  and 
e f f e c t  of convection on t h e i r  production and c r y s t a l  growth i n  l o r p r e s s u r e  
environments u n t i l  we s tudied these  th ings  i n  t h i s  project .  Although many 
s c i e n t i s t s  have used solution-grown c r y s t a l s ,  few people have s tudied growth 
techniques. Because of t h i s  l ack  of basic  knowledge we recomnend t h a t  
long-range support be given fo r  inves t iga t ing  so lu t ion  c r y s t a l  growth. 
There a r e  two o ther  purely p r a c t i c a l  reasons why we be l ieve  so lu t ion  
c r y s t a l  growth s tud i e s  should be supported: F i r s t ,  i n  the  temperature 
range where most so lu t ion  c r y s t a l  growth occurs, i t  is r e l a t i v e l y  easy t o  
obtain 1% accuracy of temperature control .  For example, i f  one works on 
between 25OC and 3 5 * ~ ,  he can e a s i l y  cont ro l  the temperature with 0 . 2 O C .  
A t  t h e  high temperatures necessary f o r  metal and semicot~ductor c r y s t a l  
growth, cont ro l  of t h i s  accuracy is d i f f i c u l t  t o  achieve. Hence g rea t e r  
r e l i a b i l i t y  and consistency can be expected from sc lu t ion  c r y s t a l  growth 
experiments. Second, we have seen how much information can be gained by 
observing the flow of convection cur ren ts  around a growing c r y s t a l .  In  most 
cases,  c r y s t a l s  which grow from so lu t ion  can be properly i l luminated so  t ha t  
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1 surrounding convection cur ren ts  can be seen, but convection cur ren ts  around c r y s t a l s  grown from a m e l t  can usual ly  only be imagined. Very sophis t ica ted  
techniques could be used t o  make convection i n  melts v i s i b l e ,  but almost any 
inves t iga tor  may see  convection i n  a water-solution system i f  he chooses. 
1; r :  
** 
Thus, there  is more po t en t i a l  information on the  e f f e c t  of convection t o  be 
-. gained from studying so lu t ion  c r y e t a l  growth. 
t 
f? (2) Future f l i g h t  experiments 
b 1 .  More zero-gravity so lu t ion  c r y s t a l  growth experiments a r e  needed t o  i z.. 
8 understand t h e  d i f fe rence  i n  c r y s t a l s  grown i n  zero and one grav i ty  sur- % - 
f: 
1 : .  roundings. Our preliminary experiment on Skylab-4 has d e f i n i t e l y  demon- 
. , 
s t r a t e d  t h e  d i f fe rence  i n  cav i ty  formation i n  Rochelle s a l t  c r y s t a l s  grown 
in zero-gravity and those grown i n  one-gravity surroundings. Differences 
such as t h i s  need t o  be studied f o r  severa l  o ther  mater ia ls .  Was Space 
Shut t le  program should o f f e r  oppor tun i t ies  fo r  t h i s  type of inves t iga t ion .  
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